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Abstract
This thesis concerns all-optical signal processing technologies for 640 Gbit/s
optical time-division multiplexing (OTDM) systems, including time-division
add-drop multiplexing (TADM), polarisation-independent demultiplexing,
and pre-scaled clock recovery. Two fibre-based switching methods for TADM
are proposed and used to demonstrate error-free 640 Gbit/s TADM for the
first time. The first method consists in performing the entire TADM op-
eration simultaneously in a non-linear optical loop mirror (NOLM). The
second method is based on a novel switch called the non-linear polarisation-
rotating loop (NPRL). The TADM performance for both switches is char-
acterised by error-free operation with low penalties. A novel principle
for polarisation-independent demultiplexing in a NOLM without structural
modifications is proposed, and demonstrated in a 320 Gbit/s demultiplex-
ing experiment, with prospect for 640 Gbit/s operation. Pre-scaled 40 GHz
clock recovery from 640 Gbit/s OTDM data is demonstrated for the first
time, by employing a semiconductor-based phase-comparator. Further-
more, the temperature-stabilisation of the NOLM by using a loose fibre coil-
ing is investigated, and a good stability against room-temperature fluctu-
ations is shown. Finally, a recently reported technique for nearly pedestal-
free pulse compression is investigated, and implemented for 640 Gbit/s
OTDM systems.
i
i
i
“main” — 2009/4/29 — 12:10 — page ii — #4 i
i
i
i
i
i
i
i
“main” — 2009/4/29 — 12:10 — page iii — #5 i
i
i
i
i
i
Resume´
Et væsentligt forskningsomr˚ade indenfor optisk kommunikation er forøgelsen
af de nuværende data hastigheder, hvilket især er nødvendiggjort pga. den
hastigt stigende Internet trafik. Denne afhandling omhandler teknikker
til optisk signalbehandling af data signaler med bit hastigheder op til
640 Gbit/s, herunder tidslig add-drop multiplexing (TADM), demultiplex-
ing, samt klokkegendannelse. Optisk signal behandling udføres direkte p˚a
det optiske data signal (infrarødt laserlys), uden at det konverteres til et
elektrisk signal. Fordelen ved den optiske tilgang er at den tillader signal-
behandling ved langt højere bit hastigheder end den almindelige elektro-
niske signalbehandling.
I denne afhandling præsenteres bla. to nye TADM teknikker, og disse
anvendes begge ved 640 Gbit/s, hvilket er verdensrekord i bit hastighed
for denne type signal behandling. Den første teknik udnytter det velk-
endte fiberbaserede Sagnac interferometer, ogs˚a kaldet et ’non-linear opti-
cal loop mirror’ (NOLM), som benyttes p˚a en ny unik m˚ade til at udføre
hele TADM operationen simultant. Den anden TADM teknik bygger p˚a
en ny type fiberbaseret switch, kaldet et ’non-linear polarisation rotating
loop’. Den næste signalbehandlings funktionalitet som undersøges er optisk
demultiplexing, som bruges til at detektere et højhastigheds data signal. I
denne afhandling introduceres en ny metode som tillader demultiplexing
uafhængigt af polarisationen af det indkommende data signal, hvilket er
en væsentlig fordel, da denne polarisation fluktuerer tilfældigt over tid.
Metoden bygger p˚a den velkendte NOLM switch, som vha. et nyt prin-
cip muliggør polarisationsuafhængig demultiplexing. Denne teknik demon-
streres eksperimentelt for en bit hastighed p˚a 320 Gbit/s, men kan i prin-
cippet ogs˚a anvendes ved 640 Gbit/s. Den sidste type signalbehandling som
omhandles er klokkegendannelse, hvilket er en uundværlig funktionalitet i
enhver data signalmodtager, da denne skal synkroniseres til det indkom-
mende data signal. I et samarbejde med Eindhovens Tekniske Universitet
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iv Resume´
p˚avises det at en teknik baseret p˚a halvleder komponenter kan anvendes til
klokkegendannelse fra et 640 Gbit/s data signal, hvilket er verdensrekord i
bit hastighed for denne funktionalitet.
Fiberbaserede switche er særligt velegnede til optisk signalbehandling
ved høje data hastigheder, men er samtidig følsomme overfor p˚avirkninger
fra omgivelserne, og dette emne berøres ogs˚a i denne afhandling. Det
p˚avises eksempelvis at en løs omspoling af fiberen i en NOLM giver en
betydelig bedre stabilitet overfor temperaturudsving. Det sidste emne som
undersøges er pulskomprimering, som er nødvendig for at kunne generere
datasignaler ved 640 Gbit/s. I denne afhandling undersøges en teknik der
tillader at skabe smalle komprimerede pulser med meget høj signalkvalitet.
Denne metode implementeres og anvendes til at generere 640 Gbit/s data
signaler som er velegnede til systemforsøg.
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Chapter 1
Introduction
The increasing data traffic on the internet, which is gradually approaching
the limits of the existing capacity, is continually forcing researchers to push
the speed limits of techniques for data signal generation, transmission, and
detection [1]. The current speed limit in laboratories for serial data gener-
ation and detection in the electrical domain is 107 Gbit/s, which has been
reached by the technique of electrical time-division multiplexing (ETDM)
[2, 3]. The limit set by ETDM serial data generation is extended in the
optical domain by encoding the electrically generated data onto optical
channels at different wavelengths, a technique called wavelength division
multiplexing (WDM). This method allows to exploit the high transmission
bandwidth of optical fibres, and a capacity as high as 25.6 Tbit/s has been
demonstrated by using both the C- and L-bands [4]. An alternative tech-
nique seeks to increase the single-wavelength serial data rate by employing
time-division multiplexing of optical data-channels, denoted optical time-
division multiplexing (OTDM). This technique has enabled the generation
of the highest demonstrated symbol rate for a serial data signal to date,
which is 640 Gbaud [5] (1 baud = 1 symbol/sec). Such a data signal consists
of very short laser pulses with a duration well below 1 ps, closely spaced
by about 1.5 ps. In order to successfully process or even detect such a data
rate, exceeding the capability of electronics, optical signal processing de-
vices are required, which is the subject of this thesis. The OTDM technique
is presently the only way to reach a serial data rate of 640 Gbit/s, and the
basic OTDM system as well as the highlights from research on 640 Gbit/s
OTDM data signals are described in section 1.1. This thesis deals with
some optical signal processing functionalities that can potentially be ap-
plied in a 640 Gbit/s OTDM communication system. These functionalities
1
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2 Introduction
are time-division add-drop multiplexing (TADM), polarisation-independent
demultiplexing, and clock recovery. The scope of the thesis is presented in
more detail in section 1.2. The results and main contributions of this Ph.D.
project are listed in section 1.3. The structure of the thesis is briefly de-
scribed in section 1.4.
1.1 Optical time-division multiplexing
A typical OTDM transmitter is shown in Figure 1.1. The starting point is a
laser source generating short pulses (typically of duration ∼ 2 ps) at a low,
so-called base rate. Here, commercially available sources with a pulse rate of
10 GHz or 40 GHz are typically used. A pulse compressor can be employed
to compress the output pulses to a width below 1 ps. The laser pulses then
enter a multiplexer where they are split into a number of branches (four,
in this figure). The pulses in each branch are data-modulated with differ-
ent data streams. The data-modulation is typically on-off keying (OOK),
and can be performed using e.g. commercial LiNbO3-based 10 Gbit/s or
40 Gbit/s Mach-Zehnder modulators, or electro-absorption modulators. Af-
ter the data-modulators follow individual time-delays that are precisely ad-
justed in order to bit-interleave the data pulses. The bit-interleaving allows
to recombine the branches without resulting in overlap between neighbour-
ing pulses. The aggregate rate of the so-called OTDM signal after the
multiplexer is thus given by the base rate multiplied by the number of
branches. The data rate of 640 Gbit/s is typically reached by multiplexing
Figure 1.1: A typical OTDM transmitter. A pulse source generates narrow pulses with
a low repetition rate, denoted the base rate. The pulses are split into a number of channels
(in this case 4 channels) which are separately modulated with individual data streams
(data 1,2,3,4). The data-modulated channels are then bit-interleaved using appropriate
time-delays τ1,2,3,4, into the OTDM data signal with the aggregate pulse rate (here 4×
the base rate).
i
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1.1 Optical time-division multiplexing 3
Figure 1.2: OTDM receiver. A clock recovery device is used to extract the base rate
clock from the transmitted OTDM data signal. The clock is used to synchronise a de-
multiplexer to the OTDM data. The demultiplexer generates a narrow switching window
that extracts the individual base rate data-channels, which can then be detected by a
low-speed electronic receiver.
either 64×10 Gbit/s or 16×40 Gbit/s base rate data channels. The OTDM
transmitter thus allows to generate a serial data rate that goes far beyond
the speed limit set by the electronic data signal generation. Note that
the base rate pulses are typically data-modulated before the multiplexer in
laboratory implementations of the OTDM transmitter. This results in the
same data stream on all channels, but it also simplifies the set-up consid-
erably.
In principle, the OTDM transmitter is the simplest step in an OTDM
transmission system, since the data signal is generated by passively bit-
interleaving the data-channels. Detection of the OTDM data after trans-
mission is more challenging, since the OTDM bit rate by far exceeds the
bandwidth of existing photo-receivers. For this reason, the constituent
channels have to be extracted, or demultiplexed to the base rate, before
electrical detection and further processing becomes possible. An OTDM
receiver is schematically shown in Figure 1.2. In order to synchronise the
demultiplexer, a clock recovery scheme needs to extract a clock signal run-
ning at the base rate from the received signal, either by locking a circuit
with a pre-scaled clock to the OTDM data, or e.g. by simple detection of
a co-propagating clock. Typically, a demultiplexer extracts only a single
channel, as shown in Figure 1.2, and separate (e.g. parallel) demultiplexers
are needed to retrieve all channels. Each demultiplexed channel is running
at the low base rate, and can therefore be detected by a standard receiver.
The switch used for demultiplexing needs to open a narrow switching win-
dow that encompasses a single pulse only. This requires a very fast re-
sponse time at 640 Gbit/s, making fibre-based switches an ideal candidate
i
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4 Introduction
Figure 1.3: A node for time-division add-drop multiplexing (TADM). A target channel
(number 3) is extracted (dropped) from the incoming OTDM data signal, and replaced
by a new channel (the add-channel, denoted ‘A’) in the output OTDM signal. Note that
a scheme for clock recovery and channel synchronisation is required in the TADM node.
due to the ultra fast response < 10 fs of the non-linear Kerr effect in sil-
ica [6]. Indeed, the first 640 Gbit/s demultiplexing experiment from 1998
was performed using a fibre-based switch called the non-linear optical loop
mirror (NOLM) [5]. Another well-known fibre-based switch for 640 Gbit/s
demultiplexing is the Kerr shutter [7]. Only in 2006 did semiconductor
devices catch up with the fibre-based switches, with a demonstration of
640 Gbit/s demultiplexing in a semiconductor optical amplifier (SOA) as-
sisted by a filtering technique to achieve a short response time < 1 ps [8].
Very recently, the 640 Gbit/s data rate was also reached by another device,
a so-called chalcogenide waveguide chip [9]. This device is based on the
ultra-fast Kerr non-linearity, similarly to fibres. An increasing number of
demultiplexing techniques are therefore becoming available for 640 Gbit/s
OTDM.
A number of important transmission experiments of single wavelength
640 Gbit/s OTDM data have been carried out. In 1998, the first 640 Gbit/s
transmission was performed, over a 60 km fibre span [10]. In 2000, a
640 Gbit/s data signal was polarisation-multiplexed to 1.28 Tbit/s and
transmitted over 70 km [11]. The present record for the highest bit rate
of a transmitted OTDM data signal is 2.56 Tbit/s over 160 km, obtained
by combining a 640 Gbaud OTDM symbol rate, differential quadrature
phase shift keying (DQPSK), and polarisation-multiplexing, achieved in
2005 [12]. The only signal processing task that has been demonstrated for
640 Gbit/s OTDM data, other than demultiplexing, is wavelength conver-
sion [13,14]. An important functionality such as all-optical 3R regeneration
has only been realised at a bit rate of 160 Gbit/s, even though this is an
achievement on its own [15].
The signal processing functionalities explained sofar, except perhaps
wavelength conversion, concern a simple point-to-point OTDM commu-
i
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1.1 Optical time-division multiplexing 5
nication system, consisting of an OTDM transmitter, a fibre span, and
an OTDM receiver. In order to bring OTDM systems beyond this level of
communication, a functionality such as time-division add-drop multiplexing
(TADM) is required. This is essentially a networking functionality, and a
TADM node is schematically shown in Figure 1.3. The task of the TADM
is to extract (drop) and replace (add) a data-channel in the OTDM signal.
This is a challenging task, since the signal quality of both the dropped
channel, as well as the output OTDM data with the added channel, must
be maintained after the TADM. Indeed, TADM with error-free operation
has only been demonstrated for OTDM bit rates up to 160 Gbit/s before
this project [16–21].
1.1.1 Perspective
Today, OTDM is mostly used as a means for testing the limits of optical
signal processing, due to its capability of generating a higher serial data
rate than any other method. Whether OTDM will be deployed as a com-
munication system is still uncertain, since there are still many challenges
to be faced before OTDM can present itself as a competitive alternative
to existing technologies. These challenges are discussed in more detail in
the conclusion and outlook (Chapter 8). For example, the range of OTDM
systems is relatively short due to the spectral width associated with the
narrow data pulses, making dispersion compensation a very challenging
task at high OTDM bit rates. It is therefore not the task of OTDM to
compete with the long reach and capacity of the already deployed WDM
systems. Possible areas of application might instead be in short range sys-
tems, or perhaps at a much smaller level, within computers as an optical
method for fast and efficient routing and interconnecting. Until recently,
it seemed that the fate of OTDM to some extent was tied to the devel-
opment of commercially viable fibre-based switches, since no other device
had demonstrated a similar processing speed (see objectives, below). How-
ever, this link is much less relevant today with the advent of other optical
signal processing technologies for 640 Gbit/s, e.g. SOAs and chalcogenide
chips, as mentioned earlier. In general, optical signal processing has become
an important research topic, since it can potentially provide a faster and
perhaps less power consuming alternative to the present solution of elec-
trical processing and the associated conversions between the optical and
electrical domains. In terms of optical power, the requirements for SOA-
based signal processing are quite low, whereas it is considerably higher for
fibre-based devices, since they rely on the optical Kerr effect. However,
i
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6 Introduction
the ultra-fast response time of the Kerr effect also brings a superior per-
formance to fibre-based switching when it comes to handling data rates as
high as 640 Gbit/s. Indeed, the high level of performance has been shown
on several occasions by demonstrations of error-free 640 Gbit/s demulti-
plexing with very low penalties [5, 7]. This thesis offers the opportunity to
observe the advantages of both switching technologies, i.e. the low optical
power requirement of the SOA, and the nearly flawless data handling of
fibre-based devices, in both cases at bit rates up to 640 Gbit/s.
1.2 Objectives and scope of this Ph.D. project
Time-division add-drop multiplexing (TADM) is basically the ability to ac-
cess and manipulate a serial data signal at the level of a single bit. The
demonstration of data processing at this level of complexity, even at a serial
data rate as high as 640 Gbit/s, would constitute an important demonstra-
tion of the capabilities and potential of optical signal processing. Indeed,
the main objective of this Ph.D. project is to bring the operating bit rate of
TADM from 160 Gbit/s up to 640 Gbit/s, with a demonstration of error-free
performance. Fibre-based switching is chosen to achieve this goal, since it
is the most promising method considering the background discussed above.
Even though other technologies have recently reached the 640 Gbit/s data
rate by demonstrations of demultiplexing, they have not yet attained the
level of maturity and performance required to perform a signal processing
task as demanding as TADM at this speed. A demonstration of 640 Gbit/s
TADM using a fibre-based switch would also further underline the impor-
tance of developing these devices towards commercially viable solutions.
This is closely related to the second objective of this project, as explained
below.
The second objective of this project is to face the issues of polarisation-
dependence and low stability of fibre-based switches. Indeed, it is obvious
to seek a solution to these problems, considering that the inherent speed-
capability of these devices, as already discussed, make them an obvious
candidate for future signal processing tasks at ultra-high data rates. The
low stability originates in the fibre, whose properties are quite sensitive to
perturbations from the environment. This is probably the most important
barrier preventing a commercial application of fibre-based switches, and
stabilisation methods are therefore required. The polarisation-dependence
originates in the non-linear optical effects upon which the switching is
based. Fibre-based switches therefore require polarisation-control of the
i
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1.3 Contributions of this Ph.D. project 7
incoming signals. Even though this does not necessarily prevent a com-
mercial application, it still constitutes a disadvantage since a ’polarisation-
tracker‘ will be required before the device. Both the issues of stability and
polarisation-dependence have been the subjects of research efforts over the
years (c.f. reviews in later chapters). Even though several stabilisation
schemes have been devised, a sufficiently stable switch configuration for
commercial use has not yet been examined. Furthermore, a large number
of the switch configurations proposed for polarisation-independent oper-
ation also suffer from bandwidth limitations that make operation up to
640 Gbit/s problematic. In this thesis, work is carried out on the stabilisa-
tion of fibre-base switches for laboratory use, and the prospects and guide-
lines for a complete stabilisation for commercial use are discussed. The
issue of polarisation-dependence is addressed with a proposal for achieving
polarisation-independent switching in the classical NOLM, with possibility
for 640 Gbit/s operation.
Thirdly, this project also addresses clock recovery for 640 Gbit/s OTDM
data signals. This subject became a part of this project as a result of an
external stay at the Technical University of Eindhoven (TU/e). The goal of
this collaboration was to achieve pre-scaled clock recovery from 640 Gbit/s
using an SOA based technique, which has not been demonstrated previ-
ously. Indeed, the schemes for clock recovery in previous 640 Gbit/s trans-
mission experiments were based either on a co-propagating base rate clock,
or on sub-rate components in an imperfectly multiplexed OTDM signal,
enabling a pre-scaled clock recovery circuit with an otherwise insufficient
response time to lock to the data and extract the base rate clock.
1.3 Contributions of this Ph.D. project
The following list briefly describes the main results and contributions of
this Ph.D. project. The details of the experimental performance are not
included in this list. Furthermore, the novelty of the proposals must be
set in relation with previous work in the field. This information is found
in the corresponding chapters. In the following, a reference to the Ph.D.
publication list (page vii) is included if the work has been published. Some
of the experimental results demonstrated the highest reported operating
bit rate for the functionality, which is denoted in parenthesis (first).
• Simultaneous TADM in a NOLM. A novel principle is proposed,
allowing to perform all operations associated with TADM simulta-
i
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8 Introduction
neously in a NOLM. The principle is demonstrated by performing
TADM at OTDM bit rates of 80 Gbit/s [B22], 160 and 320 Gbit/s
(first) [B20,B17], and finally 640 Gbit/s (first) [to be published].
• The non-linear polarisation-rotating loop (NPRL). A novel
fibre-based switch based on non-linear polarisation rotation is pro-
posed, called the NPRL. Time-division add-drop multiplexing at
640 Gbit/s is demonstrated (second) using the NPRL [B1].
• Polarisation-independent demultiplexing in a NOLM. A novel
principle is proposed that allows polarisation-independent demulti-
plexing in a standard NOLM without structural modifications. The
principle is demonstrated for an OTDM bit rate of 320 Gbit/s [B7].
• Semiconductor-based clock recovery (by participation in a TU/e
project). Pre-scaled 40 GHz clock recovery from a 640 Gbit/s OTDM
data signal (first) is demonstrated using an SOA-based clock recovery
circuit [A6]. The clock recovery circuit is further characterised in a
640 Gbit/s transmission experiment and a 320 Gbit/s field trial [B5].
Notice that the design of the circuit and the SOA-based technique
for phase-comparison were not devised by the author of the present
thesis.
In the following are listed the secondary results and other areas of focus of
the Ph.D. project:
• Temperature stabilisation of the NOLM. It is experimentally
demonstrated that a loose coiling of the internal fibre loop results in a
high stability of the NOLM against normal room temperature fluctu-
ations. Furthermore, the prospects for the stabilisation of fibre-based
switches for commercial applications are discussed in more general
terms, leading to a positive conclusion.
• Pulse compression, based on self-phase modulation induced
chirping and off-carrier filtering. This compression technique [22]
is implemented for the generation 640 Gbit/s OTDM data signals.
The resulting compressed pulses are characterised by a negligible
pedestal, which does not require a pedestal-reducing device in the
OTDM transmitter.
i
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1.4 Structure of the Thesis 9
1.4 Structure of the Thesis
The thesis begins with Chapter 2, containing background material relevant
to the experimental work described in the following chapters. The rest
of the thesis is basically structured according to the list of contributions
presented above, by devoting a Chapter to each of the main results. Each
chapter is to a large extent self-contained, and can be read independently.
Reading through the background material in Chapter 2 is not strictly neces-
sary before studying the chapters containing the results. Indeed, references
are made to this chapter when it becomes relevant.
In short, the contents of the thesis are as follows. Chapter 2 provides a
background on non-linear fibre optics and fibre-based switches, including a
simple model of the NOLM and a discussion on non-linear polarisation ef-
fects. The work on pulse compression (performed at TU/e) is also included
here, since the demonstrated technique is used in all the later 640 Gbit/s
experiments. Finally, TADM is described together with earlier work on
this subject, providing a common background for the TADM demonstra-
tions in the two following chapters. Chapter 3 describes the experimen-
tal demonstrations of simultaneous TADM in a NOLM up to 640 Gbit/s.
Subsequently, the results are interpreted and the directions towards further
improvements are discussed. Chapter 4 describes the NPRL and the ex-
perimental demonstration of 640 Gbit/s TADM using this switch, followed
by a discussion on future improvements. Chapter 5 concerns polarisation-
independent switching. First, previous work on the subject is reviewed.
Then, the principle of polarisation-independent demultiplexing in a stan-
dard NOLM is described. The principle is successfully demonstrated in a
10 Gbit/s switching experiment, and in a 320 Gbit/s demultiplexing exper-
iment. Chapter 6 addresses the stabilisation of fibre-based switches. First,
the experimental work from this project on the temperature-stabilisation
of the NOLM is described. Then, the chapter is extended to a review of
the current status in the field, in order to discuss the general prospects and
guidelines towards stable fibre-based switching for commercial use. Chap-
ter 7 concerns the work on SOA-based clock recovery performed at TU/e.
It begins with a brief introduction, including a review of the technique of
filtered chirp from an SOA, used for phase-comparison in the clock recov-
ery circuit. Then follows the description of the three separate demonstra-
tions of pre-scaled clock recovery using the clock recovery circuit, i.e. from
640 Gbit/s OTDM data back-to-back, from 640 Gbit/s OTDM data trans-
mitted over 50 km, and finally, from 320 Gbit/s OTDM data transmitted
i
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over a 54 km field link.
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Chapter 2
Background
This chapter contains the background knowledge that is relevant to the
experimental work in the thesis. The only experimental results from the
project in this chapter are found in section 2.3, describing the work on pulse
compression.
Firstly, section 2.1 provides a background on fibre-based switching,
starting with a brief theoretical description including the effect of cross
phase modulation (XPM). All the demonstrated fibre-based switching in
this thesis relies on this effect. Furthermore, a simple model of the non-
linear optical loop mirror (NOLM) is described, which becomes useful in
Chapter 5. The Kerr shutter is also explained, since it is related to the
non-linear polarisation-rotating loop (NPRL) introduced in Chapter 4.
Section 2.2 reviews some results from studies on the effect of the resid-
ual birefringence in standard fibres on non-linear switching. Indeed, recent
studies have pointed out that the consequences for the evolution of the po-
larisation state can strongly affect the performance of a fibre-based switch,
such as the NOLM. Although this knowledge is not directly used in the
thesis, it is highly relevant and quite interesting information.
Section 2.3 concerns the subject of pulse compression, which is a prereq-
uisite for generating 640 Gbit/s OTDM data signals. This section describes
the compression technique of chirping by self phase modulation (SPM) fol-
lowed by off-carrier filtering, and demonstrates the high efficiency of this
method. This technique has been studied experimentally and implemented
for 640 Gbit/s OTDM systems as a part of this project. The standard
technique of soliton compression is also briefly described.
Finally, section 2.4 provides the background on time-division add-drop
multiplexing (TADM), relevant to the experimental work on this subject
11
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in Chapters 3 and 4. The basic working principle is described, and some
general requirements for a TADM switch are discussed. Previous demon-
strations of TADM are reviewed, and some directions for realising ultra-
high speed TADM switching with prospect for commercial application are
discussed.
2.1 Fibre-based switching
Optical fibres are highly suitable for observing non-linear optical effects.
Firstly, this is due to the high confinement of the optical field within the
narrow fibre core, which results in a high field intensity. Furthermore,
this intensity can be maintained over considerable lengths due to the de-
velopment of fibres with very low loss. The non-linear effect can thus be
‘accumulated’ throughout a long fibre, which counteracts a relatively low
fibre non-linearity. Secondly, the wave-guiding property of fibres allows to
efficiently observe the non-linear interaction of two different optical fields.
Indeed, once the two fields have been coupled into the fibre, they will re-
main confined and co-propagate inside the fibre core. These properties
make fibres highly suitable for optical switching.
In the following, some basic concepts from the physical and theoretical
background of non-linear fibre optics are briefly reviewed. Then, a number
of fibre-based switches and their demonstrations will be described, with
focus on two of the most widely used switches, the NOLM and the Kerr
shutter. Finally, the subject of pulse compression will be discussed, includ-
ing an experimental demonstration of the compression technique which is
successfully used in many of the OTDM experiments in this thesis.
2.1.1 Non-linear fibre optics
The purpose of this section is not to give a detailed theoretical background
on the non-linear effects in optical fibres. Instead, some simple standard
formulas describing the intensity- and polarisation-dependence of the effects
of self phase modulation (SPM) and cross phase modulation (XPM) are
presented. These expressions are basically the only knowledge required to
comprehend the function of the fibre-based switches used in this thesis.
Theory
The most used non-linear effects for optical signal processing in optical fi-
bres are self phase modulation (SPM), cross phase modulation (XPM), and
i
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2.1 Fibre-based switching 13
four-wave mixing (FWM). Such effects arise when the fibre is subjected
to an intense optical field. The high intensity will lead to an anharmonic
motion of the bound electrons, and the induced electric polarisation will no
longer have a linear dependence on the applied field. The effects mentioned
before are non-resonant processes with no energy transfer between the ap-
plied field and the dielectric medium (the silica fibre). Commonly, they
belong under the so-called Kerr effect originating in bound electron oscilla-
tions, which therefore has an almost instantaneous response time < 10 fs.
There is also another category of (resonant) non-linear effects involving
energy transfer to the dielectric medium. These are stimulated inelastic
scattering processes due to the excitation of molecular vibrational modes
of the silica fibre by the applied field. The response time of such effects
is of the order 60-70 fs. Stimulated Raman scattering and Brillouin scat-
tering belong in this category, but are not considered here since they are
not relevant to the applications studied in this thesis, where only the Kerr
effect is of importance.
In the following, a brief theoretical description of the Kerr effect is given.
This description is based entirely on the content from chapters 2, 6 and 7 in
G.P. Agrawal’s “Nonlinear Fiber Optics” [6]. In the presence of an intense
electric field E, the response of the polarisation P to the (instantaneous)
anharmonic electron oscillations can be written as an expansion:
P = ε0
(
χ(1) ·E + χ(2) : E2 + χ(3)...E3 + . . .
)
(2.1)
Here, χ(j) is the jth order susceptibility tensor, and ε0 is the vacuum per-
mittivity. The first term comes from the linear susceptibility and is respon-
sible for the largest contribution to the polarisation. Due to the symmetry
of the SiO2 molecule, the second order susceptibility χ(2) vanishes in sil-
ica fibres. Indeed, the non-linearities typically observed originate in the
third-order χ(3)-term, which is responsible for the Kerr effect. In general,
the third order susceptibility χ(3) is a 4th-rank tensor with 81 elements,
but contains only 3 independent elements in the case of silica which is an
isotropic medium. The polarisation enters in the wave propagation equation
which is derived directly from the Maxwell equations. The wave equation
is given by
∇2E− 1
c2
∂2E
∂t2
= µ0
∂2P
∂t2
(2.2)
The χ(3)-term in (2.1) is treated as a small perturbation to the linear χ(1)-
term, which allows to obtain a solution to the wave equation. This in-
volves a number of approximations, including the assumption of a linearly
i
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polarised and quasi-monochromatic field, which is described in the slowly
varying envelope approximation. The (scalar) non-linear perturbation term
to the linear polarisation can then be written as
PNL ≈ ε0εNLE, where εNL = 34χ
(3)
xxxx|E|2 (2.3)
The parameter χ(3)xxxx will be described later. The perturbation theory then
brings about a modified expression for the refractive index, which becomes
intensity-dependent:
n˜ = n+ n2|E|2, where n2 = 38nRe(χ
(3)
xxxx) (2.4)
Here, n is the normal (linear) refractive index, and n2 is called the non-
linear refractive index coefficient. The value of n2 is in the range 2.2− 3.9 ·
10−20m2/W for silica fibres [6]. In the first order perturbation theory, the
intensity-dependence of the refractive index in eq. (2.4) is ’averaged’ over
the modal distribution F (x, y) of the field (which is approximately gaussian
for the fundamental HE11 mode). Note that the linearly polarised field is
expressed as
E(r, t) =
1
2
F (x, y)A(z, t)ei(β0z−ω0t) + c.c. (2.5)
The non-linear evolution of the field is then described via the slow longi-
tudinal envelope A = A(z, t), which is governed by the so-called non-linear
Schro¨dinger (NLS) equation:
∂A
∂z
+ β1
∂A
∂t
+ i
β2
2
∂2A
∂t2
+
α
2
A = iγ|A|2A, (2.6)
where terms up to second order in the expansion of the wave number β(ω)
have been retained, in order to include the effects of chromatic dispersion.
The α-term describes the loss, and the γ-term on the right-hand side de-
scribes the non-linearity. The non-linear coefficient γ is expressed by
γ =
n2ω0
cAeff
, (2.7)
where Aeff is the effective core area, determined by the modal distribution
F (x, y). Note that the wave number expansion is given by
β(ω) = n(ω)
ω
c
= β0 + β1(ω − ω0) + 12β2(ω − ω0)
2 + · · · (2.8)
i
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2.1 Fibre-based switching 15
The coefficient β1 is related to the group-velocity vg of the pulse envelope by
β1 ≡ 1/vg, and β2 is related to the dispersion D via D = dβ1dλ = −2picλ2 β2. If
effects of higher-order dispersion become significant, such as the dispersion
slope S, the inclusion of more terms in (2.8) and (2.6) is required.
Self-phase modulation
At this point, the theoretical background is more than sufficient to explain
the phenomenon of self phase modulation (SPM), by considering e.g. a sin-
gle high-intensity pulse which modulates its own phase due to the intensity
profile of its own pulse envelope. The pulse evolution is often described in a
co-propagating frame, moving at the velocity of the pulse envelope vg. The
transformation to this so-called retarded frame is performed by redefining
the time-variable as τ ≡ t − β1z. If the effects of dispersion and loss are
ignored, the phase will develop as a function of z as
φ = kz = β0n˜z = β0(n+ n2|E|2)z = φL + φSPM , (2.9)
where the non-linear contribution due to SPM is given by φSPM = β0n2|E|2z.
If the effect is averaged over the modal distribution as in the first order per-
turbation approach mentioned above, the SPM phase-shift can be written
as
φSPM =
β0n2
Aeff
P (τ)z = γP (τ)z, (2.10)
where P (τ) is the power envelope of the pulse. This result can also be
obtained directly from eq. (2.6), by using P (τ) = |A(τ)|2. Since this SPM-
induced phase-delay is largest at the pulse peak, the effect of SPM is a
red-shift of the leading edge of the pulse, and a blue-shift of the trailing
edge. This SPM-induced phase-modulation can be used to compress the
pulse, as will be explained in section 2.3.
Cross-phase modulation
The effect of cross phase modulation (XPM) occurs when two fields at
distinct frequencies co-propagate in the optical fibre. In this case, it is the
intensity of the superposition of the two fields which determines the change
in the refractive index. One field can therefore phase-modulate (XPM) the
other field via the intensity-dependence of the refractive index. A set of
coupled NLS-equations similar to eq. (2.6) can be obtained to describe this
effect. However, it is simpler and more instructive to obtain an expression
i
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16 Background
for the non-linear induced polarisation PNL in this case. The total field
can be written as a superposition of two co-polarised fields at frequencies
ω1 and ω2:
E(r, t) =
1
2
(
E1e
−iω1t + E2e−iω2t
)
+ c.c. (2.11)
If this expression for the total field is inserted in eq. (2.3), a number of
terms are obtained which oscillate not only at frequencies ω1 and ω2, but
also at 2ω1−ω2 and 2ω2−ω1. The respective amplitudes of these frequency
components are given by
PNL(ω1) =
3
4
ε0χ
(3)
xxxx
(
|E1|2 + 2|E2|2
)
E1 (2.12)
PNL(ω2) =
3
4
ε0χ
(3)
xxxx
(
2|E1|2 + |E2|2
)
E2 (2.13)
PNL(2ω1 − ω2) = 34ε0χ
(3)
xxxxE
2
1E
∗
2 (2.14)
PNL(2ω2 − ω1) = 34ε0χ
(3)
xxxxE
∗
1E
2
2 (2.15)
The two last components of PNL given by (2.14) and (2.15) are responsible
for the generation of light at the new frequencies 2ω1−ω2 and 2ω2−ω1. This
is the effect of FWM, which is not particularly relevant here. Indeed, the
new frequency-components only attain a significant amplitude if a good
phase-matching is achieved between the interacting fields. This requires
that special measures are taken concerning the wavelength allocations and
the fibre dispersion profile, which is not the case in the experiments in
this thesis. Here, the most significant contributions come from (2.12) and
(2.13), where the factor 2 appearing on the right-hand side clearly shows
that the effect of XPM is twice as effective as SPM in terms of power.
In the case of a high-intensity pump field E1 co-propagating with a weak
probe-field E2, terms proportional to |E2|2 can be neglected compared to
the |E1|2-terms. This is always the situation in the fibre-based switching
experiments in this work, where high-intensity control pulses at the base
rate interact with the much weaker data pulses in a OTDM data signal. In
this limit, the XPM phase-shift induced by the pump E1 onto the probe
E2 can be written as
φXPM = 2γP (τ)z, (2.16)
where z is the propagation distance and P (τ) is the pump power (loss and
dispersion are ignored here). The SPM phase-shift induced by the pump
onto itself is two times smaller, and is given by the same expression as
i
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2.1 Fibre-based switching 17
previously:
φSPM = γP (τ)z (2.17)
Polarisation dependence
Above, it is assumed that all fields have linear and parallel polarisations.
However, the non-linear phase-shifts depend on the polarisation states.
This is basically due to the properties of the dielectric medium, which are
described by the susceptibility tensor χ. As mentioned previously, the third
order susceptibility tensor contains 3 independent elements in the case of
a silica fibre: χ(3)xxyy, χ
(3)
xyxy and χ
(3)
xyyx. The element χ
(3)
xxxx appearing in the
formula for n2 (2.4) is equal to the sum
χ(3)xxxx = χ
(3)
xxyy + χ
(3)
xyxy + χ
(3)
xyyx (2.18)
To consider the effect of polarisation, the total field is written as a gen-
eral state with polarisation-components along both the x-axis and the y-
axis. To obtain the induced electric polarisation P, this expression for the
field is entered in eq. (2.1) (without the χ(2)-term). The perpendicular
polarisation-components of the field will then mix via the tensor elements
of χ(3). For simplicity, one can consider the case of a strong pump field
polarised along the x-axis and a weak probe at a different wavelength, and
with a random polarisation state. The XPM-induced phase-shift on the
parallel probe component is given the same expression as in eq. (2.16):
φ
‖
XPM = 2γP (τ)z (2.19)
However, the XPM-induced phase-shift on the probe component orthogonal
to the pump is
φ⊥XPM = 2
χ
(3)
xxyy
χ
(3)
xxxx
γP (τ)z (2.20)
In the case of silica, where the physical mechanisms contributing to χ(3)
are predominantly of electronic origin, the three independent tensor terms
in (2.18) have nearly the same magnitude and can be considered identical.
The ratio appearing in eq. (2.20) is then equal to 1/3 and the phase-shift
becomes:
φ⊥XPM =
2
3
γP (τ)z, (2.21)
which is smaller than φ‖XPM by a factor of 3. Equations (2.19) and (2.21)
clearly illustrate the polarisation-dependence of XPM. This property is a
i
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18 Background
disadvantage for fibre switches based on XPM, since it necessitates control
of the polarisation states of the input signals to the switch. Note that fibre
switches based on four-wave mixing (FWM) are even more polarisation-
dependent, due to the phase-matching condition of this non-linear process.
Indeed, great effort has been put into developing techniques for overcoming
this polarisation-dependence of non-linear fibre switches. In Chapter 5,
this topic is discussed in more detail, and a new principle is proposed for
overcoming the polarisation-dependence of XPM in the NOLM.
2.1.2 The non-linear optical loop mirror
The NOLM is based on the Sagnac interferometer structure, where the
two interfering light beams follow the same optical path in opposite direc-
tions [23]. The NOLM interferometric structure is formed by connecting the
two outputs of a standard bidirectional coupler to form a fibre loop. This
structure was proposed in [24] with the purpose of non-linear self-switching
by SPM. The two-wavelength XPM-based operation of the NOLM that
can be applied for demultiplexing was proposed later in [25], and demon-
strated in [26]. In 1998, the NOLM was used for the first demonstration of
640 Gbit/s demultiplexing [5].
The NOLM structure is shown in Figure 2.1. The control pulses and the
corresponding input coupler to the loop should be ignored at this moment.
An optical field sent into the coupler will be split in two components, which
propagate through the fibre loop in opposite directions. After the round
trip, the counter-propagating fields are recombined by the coupler and then
distributed back to the two input ports where they interfere. The NOLM is
termed ’mirror’ since the loop can completely reflect the incoming field af-
ter the round-trip, which is a consequence of a constructive interference at
the input port, and a destructive interference at the opposite port. This is
basically due to the static pi/2 phase-delay across the coupler (in the linear
operation), as will be apparent from the model in the following. In prac-
tice, the residual birefringence of the fibre loop needs to be compensated by
an internal polarisation controller, in order to control the polarisations of
the counter-propagating fields after the round-trip, and hence the result of
the interference after the coupler. In fact, the operation of the NOLM can
be reversed from reflective to transmittive by adjusting the internal polar-
isation controller [27, 28]. Due to the loop structure of the interferometer
where the counter-propagating field components traverse the same optical
path, very long fibre loops can be employed while still maintaining a stable
interference. For example, up to 13 km of fibre has been employed in a
i
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2.1 Fibre-based switching 19
Figure 2.1: Model of the NOLM for demultiplexing. The input OTDM data field is
divided by the coupler with ratio ρ into a cw propagating component Ecw and a ccw
propagating component Eccw. The control pulse with power P (τ) is synchronised with
the OTDM target channel (in black) in the fibre with length L and non-linear coefficient
γ. In this fibre, the fields Ecw and Eccw receive XPM phase-shifts of ∆Φcw and ∆Φccw,
respectively. As described by the model in the text, the target channel is transmitted
by the NOLM as the field Et (demultiplexing), while the remaining OTDM channels are
reflected as the field Er. Optical bandpass filters are normally used at the output of the
NOLM to block the control pulses (not shown).
NOLM [29]. In the two-wavelength operation of the NOLM, a 50:50 input
coupler is normally used. In this case, high-intensity control pulses at a
different wavelength are coupled into one direction of the loop, in order to
impose an XPM-induced phase-shift in this direction only. This will alter
the interference at the output ports, and by using this method, the NOLM
can serve as an OTDM demultiplexer with the control pulses as a gating
signal. This two-wavelength, demultiplexing operation of the NOLM is
explained in more detail using the following NOLM model.
Simple model
In the following, a mathematical model of the NOLM for demultiplexing
is developed, based on some simplifying assumptions. The approach used
here is very similar to the one used in several, more in-depth numerical
i
i
“main” — 2009/4/29 — 12:10 — page 20 — #38 i
i
i
i
i
i
20 Background
studies of the NOLM which can be found in [30–34]. The model described
here can be used to predict the shape of the NOLM switching window
directly from the control pulse shape.
The NOLM is shown in Figure 2.1, where the input field E is an OTDM
data signal at wavelength λd. The base rate control pulses at λc are syn-
chronised to a target channel (in black) in the OTDM signal, in order to
achieve demultiplexing of this channel. The details of this operation are de-
scribed more thoroughly in the following. The input coupler separates the
incoming data pulses into a clockwise (cw) and a counter-clockwise (ccw)
propagating component in the loop. The loop contains a fibre of length L
and non-linear coefficient γ. The fibre is assumed to be isotropic (no bire-
fringence) and lossless. The input coupler should have a coupling ratio of
ρ = 0.5, since this will allow the NOLM to switch out the entire data pulse,
as will be seen in the following. However, any value of the coupling ratio
can be taken into account without complicating the model. The transfer
matrix of a fused bidirectional 2 × 2 coupler in complex notation is given
by [35]
Tc =
[ √
ρ i
√
1− ρ
i
√
1− ρ √ρ
]
Note that the field which crosses the coupler receives a static phase-shift
of pi/2, included via the factor i = eipi/2 in the above transfer matrix. The
input data field E will thus be separated by this coupler into cw and ccw
field components given by
Ecw =
√
ρE and Eccw = i
√
1− ρE (2.22)
All fields in the fibre loop are described in a reference frame co-propagating
with the data pulse envelope, where the time variable is τ ≡ t− z/vg (c.f.
section 2.1.1). Note that the data and control pulse envelopes are assumed
to propagate with the same group velocity vg (zero walk-off). Furthermore,
all fields are assumed to be in the same linear polarisation. After co-
propagating with the high-power control pulses through the fibre, the data
field Ecw has thus received an XPM-induced phase-shift given by eq. (2.19)
∆Φcw = 2γLP (τ), (2.23)
where P (τ) is the temporal power profile of the control pulse. The field
Eccw counter-propagates with the control pulses, but this also leads to an
XPM-induced phase-shift. This effect is denoted the counter-propagating
XPM effect. The resulting phase-shift is constant and proportional to the
i
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time-averaged control power 〈P (τ)〉, assuming that the loop transit time
is much longer than the control pulse repetition period (always fulfilled in
this thesis) [30]
∆Φccw = 2γL〈P (τ)〉 (2.24)
Upon arrival back to the coupler after the loop round-trip, the counter-
propagating fields can be written as
Ecw(L) = Ecwe−i∆Φcw and Eccw(L) = Eccwe−i∆Φccw (2.25)
The coupler now combines and splits the above field-components into both
a field Er reflected from the NOLM, and a field Et transmitted by the
NOLM, as shown in Figure 2.1. These fields can be obtained by applying
the coupler transfer matrix Tc to Ecw(L) and Eccw(L) as follows[
Et
Er
]
=
[ √
ρ i
√
1− ρ
i
√
1− ρ √ρ
] [
Ecw(L)
Eccw(L)
]
(2.26)
Performing the matrix multiplication and using the expressions (2.22) and
(2.25), gives the reflected and transmitted fields as a function of the input
field:
Et = ρe−i∆ΦcwE − (1− ρ)e−i∆ΦccwE (2.27)
Er = i
√
ρ(1− ρ)(e−i∆Φcw + e−i∆Φccw)E (2.28)
The transmittivity and reflectivity of the NOLM are given by T = |Et|2 / |E|2
and R = |Er|2 / |E|2, respectively:
T = 1− 2ρ(1− ρ)(1 + cos(∆Φ)) (2.29)
R = 2ρ(1− ρ)(1 + cos(∆Φ)), (2.30)
where ∆Φ = ∆Φcw − ∆Φccw is the difference between the XPM-induced
phase-shifts in the cw and ccw directions. Note that T +R = 1, as required
for energy conservation (the loss due to the control coupler is ignored here).
In the case of a perfect 50:50 coupler (ρ = 1/2), the equations for T and R
become
T =
1
2
(1− cos(∆Φ)) (2.31)
R =
1
2
(1 + cos(∆Φ)) (2.32)
i
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This is the configuration used for demultiplexing, as explained in the follow-
ing. Without control pulses, the XPM phase-shifts vanish (∆Φ = 0), and
eqs. (2.31) and (2.32) then correctly predict that the data field is reflected,
R = 1 and T = 0. With control pulses adjusted to a power such that a
relative XPM phase-shift of ∆Φ = pi is induced, the situation is reversed
as the co-propagating data field is then completely transmitted, R = 0 and
T = 1. From this, it is apparent how the NOLM can be used as a demul-
tiplexer: As shown in Figure 2.1, the control pulse width and timing are
adjusted to overlap solely with the target channel, for which the relative
phase-shift is then ∆Φ = pi and consequently, T = 1. For the remaining
channels in the OTDM signal, the cw components do not overlap with the
control pulse, and the relative phase-shift is therefore ∆Φ = 0 (assuming
∆Φccw ≈ 0), and consequently these channels are reflected, R = 1.
This model can be used to perform a simple prediction of the switching
window, which is the transmittivity as a function of time, T (τ), by knowl-
edge of the functional shape of the control pulse P (τ). The model will not
be used in this section, e.g. to illustrate a typical shape for the switching
window. Instead, the reader is referred to sections 3.5.1 and 3.5.3, where
the model is applied to analyse the results from the add-drop experiments
using the NOLM in Chapter 3.
Limitations
In the following, a few limitations to the NOLM that lead inter-channel
interferometric cross-talk (IXT) in the demultiplexed channel are pointed
out. This phenomenon is also illustrated in Figure 2.7.
Firstly, the counter-propagating XPM effect leads to a small ’leakage’ of
the neighbouring channels together with the demultiplexed channel, which
is therefore deteriorated by the resulting inter-channel IXT [33]. In order
to limit this effect, it is important to keep the ∆Φccw phase-shift as low as
possible compared to the ∆Φcw phase-shift. This requires the use of control
pulse trains with a low duty-cycle, c.f. eqs. (2.23) and (2.24). However,
techniques have been developed to efficiently compensate for the ∆Φccw
phase-shift, including the insertion of an optical phase-bias controller in
the loop [36–38]. For this reason, the counter-propagating XPM effect does
not need to be considered as an ultimate limitation to the performance of
the NOLM.
Secondly, there is also a small passive leakage of non-target channels
due to the finite extinction ratio (T > 0) of a non-ideal NOLM, which
also contributes to the inter-channel IXT in the demultiplexed channel [33,
i
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39, 40]. This is mostly the result of an imperfect 50:50 coupling ratio,
and/or an imperfect compensation of the internal loop birefringence by the
polarisation controller.
Other issues that should be considered are the walk-off (assumed to be
zero in the NOLM model), and the timing jitter of the pulses. These effects
apply not only to the NOLM, but to fibre-based switches in general, and
are therefore described later in section 2.1.5.
2.1.3 The Kerr shutter
As discussed in section 2.1.1, the effect of XPM is polarisation dependent,
and it can therefore induce a non-linear birefringence. This property can
be employed for demultiplexing by using a high-intensity control pulse to
perform a non-linear, XPM-induced polarisation rotation of a target data
pulse. This is the mechanism behind the well-known Kerr shutter [41],
which has been used for demultiplexing of OTDM bit rates up to 640 Gbit/s
[7].
The typical configuration of a Kerr shutter is shown in Figure 2.2. When
a high-intensity control pulse with a linear state of polarisation (SOP) prop-
agates in an isotropic fibre, the XPM-induced phase-shift is three times
larger for a probe field E‖ parallel to the control SOP, compared to a per-
pendicular probe field E⊥. The corresponding XPM phase shifts, induced
in an isotropic and lossless fibre of length L and non-linear coefficient γ,
were derived in eqs. (2.19) and (2.21) and are given by
∆Φ‖ = 2γLP (τ) ∆Φ⊥ =
2
3
γLP (τ), (2.33)
where P (τ) is the power envelope of the control pulse. If the relative po-
larisations of the control pulses and an OTDM probe signal are correctly
adjusted, these equations can lead to a 90◦ rotation of a target channel
in an OTDM data signal. This is shown in the polarisation diagrams in
Figure 2.2. Before the fibre (left diagram), the OTDM SOP is adjusted by
the polarisation controller (PC) to a linear state, such that it is reflected by
the polarisation beam splitter (PBS) after the fibre (or blocked, if a simple
polariser is used instead). The control SOP is set to a linear state at a 45◦
angle compared to the OTDM data. The control pulses are then synchro-
nised to the target channel (in black), and the control power is adjusted
such that the parallel target component E‖ receives an XPM phase-shift
of ∆Φ‖ = 3pi/2. At this control power, the perpendicular target compo-
nent E⊥ then receives an XPM phase-shift of ∆Φ⊥ = ∆Φ‖/3 = pi/2. The
i
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Figure 2.2: The Kerr shutter, used for demultiplexing. The two polarisation diagrams
(below) show the control and data SOPs before and after the fibre (of length L and with
non-linear coefficient γ). The OTDM signal and the control pulses are combined by a
coupler, and their SOPs in the fibre are adjusted by the PCs to linear states with a
relative angle of 45◦. The control pulse is synchronised with the OTDM target channel
(in black), and the control power P (τ) is adjusted such that the XPM-induced relative
phase-delay between E‖ and E⊥ becomes ∆Φ = ∆Φ‖ −∆Φ⊥ = pi. This results in a 90◦
rotation of the target SOP relative to the remaining OTDM channels. The target channel
is therefore transmitted by the PBS, while the other OTDM channels are reflected. The
BPF is centered at the data wavelength and is used to block the control pulses.
relative phase difference between the E‖ and E⊥ target components then
becomes ∆Φ = ∆Φ‖ −∆Φ⊥ = pi after the fibre. As sketched in the right
diagram in Figure 2.2, the field oscillation of E⊥ will thus be ahead by half
a period compared to E‖. This is equivalent to a 90◦ rotation of the total
target channel polarisation, which implies that the target channel is now
transmitted by the PBS. The remaining OTDM channels which are not
exposed to the control pulses maintain their SOP and are still reflected by
the PBS. A optical band-pass filter (BPF) centered at the data wavelength
can be used to block the control pulse light.
It is quite easy to deduce the transmittivity T of the Kerr shutter, by
using the same simplifying assumptions as for the NOLM model in section
2.1.2. This yields a transmittivity through the PBS given by
T =
1
2
(1− cos(∆Φ)), (2.34)
where ∆Φ = ∆Φ‖−∆Φ⊥. The functional dependence on ∆Φ is exactly the
same as for the NOLM as seen in eq. (2.31), except that ∆Φ in the latter
case is the phase difference between the cw and ccw propagating target field
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components in the loop structure. Note that the straight-line structure of
the Kerr shutter avoids the counter-propagating XPM effect inherent to
the NOLM.
2.1.4 Other fibre-based switches
The NOLM and the Kerr shutter are not the only fibre-based switches
that have been used for OTDM demultiplexing. Two other well-known
methods are based on four-wave mixing (FWM), as well as the process of
XPM-induced spectral broadening, and are briefly described here.
The process of FWM can be used for demultiplexing an OTDM data
signal using base rate control pulses [42]. However, a good phase match-
ing is required between the two respective wavelengths, in order to obtain
a sufficient conversion efficiency [6]. This is usually achieved by allocat-
ing the pump (control) wavelength at the zero-dispersion wavelength of a
non-linear fibre with a low dispersion slope [43]. The control pulses are
synchronised with the base rate data channel, and the light generated at
the new frequency can be filtered out to obtain the demultiplexed data.
Using this technique, demultiplexing of 10 Gbit/s data from a 500 Gbit/s
OTDM signal has been achieved [44].
Spectral broadening induced by XPM from the control pulses can also
be used for the demultiplexing of a data channel in the OTDM signal [45].
In this scheme, the target data pulses are synchronised to the slope of the
control pulses, which results in XPM-induced chirping accompanied by a
broadening of the target spectrum. The broader spectrum of the target
can then be used to extract it from the remaining (unaffected) channels,
by using a detuned optical bandpass filter. This method has been used for
demultiplexing OTDM bit rates up to 160 Gbit/s [46].
It is beyond the scope of this thesis to perform a comparison of the
various fibre-based demultiplexing techniques. An interesting comparison
of the techniques presented here can be found in e.g. [47] and [48].
2.1.5 Effect of timing-jitter and walk-off
In practice, the time separation between the pulses in a periodic pulse train
is not exactly fixed. This small variation of the repetition period is referred
to as timing jitter. Excessive timing jitter constitutes a problem for an
OTDM demultiplexer since it implies that the exact arrival time of the
target pulses compared to the switching window will fluctuate. Indeed, a
i
i
“main” — 2009/4/29 — 12:10 — page 26 — #44 i
i
i
i
i
i
26 Background
displacement of the target pulse compared to the centre of a typically bell-
shaped switching window will cause a reduction in the amount of switched
power. In this way, the timing jitter of the input OTDM data signal is
transformed by the demultiplexer into amplitude fluctuations in the out-
put data channel [33, 34]. It should be noted that the control pulses that
generate the switching window will also suffer from a certain amount of
timing jitter, and it is the relative timing jitter between control and target
pulse which determines the amplitude noise. For a given amount of tim-
ing jitter, this detrimental effect will increase as narrower pulses are used
for the switching process. Indeed, the inherent timing jitter of the avail-
able pulse sources will influence the maximum OTDM bit rate that can be
tested (as seen in section 3.2). A numerical study based on the NOLM has
shown that the timing jitter has be kept below 1/12.2×time-slot at a given
OTDM bit rate, in order to allow for a BER < 10−9 after demultiplexing.
Another issue in a fibre-based switch is the so-called walk-off. Indeed,
the wavelength-dependent dispersion in the fibre implies different group
velocities for the control and data pulses. This results in a certain amount
of walk-off, defined as the difference in arrival time between the two signals
at the output of the fibre. In general, walk-off leads to a broader switching
window, which at the same time must be lower than the OTDM time slot.
For this reason, a non-zero walk-off will set an upper limit for the OTDM bit
rate that can be successfully demultiplexed. Without walk-off and timing
jitter, the limit is basically set by the pulse widths and the response time
of the Kerr effect. In this case, the switching window can be estimated
directly from the control pulse power profile, using an expression such as
eq. (2.31) for the NOLM. On the other hand, if the walk-off is accurately
controlled, it can be used to attain a flat-top shaped switching window,
provided the control pulse peak power is maintained throughout the fibre.
In this case, the walk-off is turned into an advantage, since the flat-top
switching window can accommodate for the timing jitter, as long as the
latter stays within the width of the flat-top [32].
A very important point is that the wavelength dependence of the disper-
sion does not necessarily imply walk-off between control and data signals.
Indeed, the group velocities can be matched if the control and data wave-
lengths are placed symmetrically around the zero-dispersion wavelength
λ0 of the fibre [30]. Without walk-off, the control-power efficiency of the
XPM-induced phase shift on the data pulse is higher, which allows for rela-
tively short fibre lengths in the NOLM, e.g. down to 50-100 m when using
highly non-linear fibres (HNLFs) [49]. This well-known technique for group
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velocity matching is used in most of the NOLM experiments in this thesis.
2.2 Polarisation effects
In the descriptions in the previous section of the NOLM and the Kerr shut-
ter, it is assumed that the non-linear effect occurs in an isotropic fibre
with no birefringence. This very simplifying assumption does not hold for
a real standard fibre which is characterised by a randomly varying bire-
fringence throughout its length, also called the residual polarisation-mode
dispersion (PMD). As a consequence, the state of polarisation (SOP) of
light propagating through a standard fibre cannot be maintained. This has
some quite important implications for fibre-based switches. It falls out of
the scope of this thesis to perform a complete study of these implications.
Fortunately, the existing literature contains some very instructive numer-
ical studies of this topic. Some of the important observations from these
studies are reviewed in the following.
2.2.1 Random birefringence of standard fibres
The random, residual birefringence in a standard fibre occurs when various
mechanisms of external and/or internal origin lead to an anisotropic index
distribution in the core, or a change of the ideal circular core geometry [50].
Birefringence of external origin is due to the elastooptic effect, and occurs
by various kinds of lateral stress, bending, or twists of the fibre. A small
internal random birefringence is always present in a standard fibre due to
the small unavoidable deviations of the core from the circular symmetry
during the manufacturing process. Most of these mechanisms lead to a
linear birefringence in a standard fibre, except for twisting which leads to
circular birefringence [50]. Altogether, the influence of these different mech-
anisms result in a randomly varying birefringence along the fibre length.
The length scale over which this ’randomisation’ of the birefringence occurs
is characterised by the birefringence correlation length LF . The strength
of the birefringence is characterised by the beat length LB. The formal def-
inition is LB = 2pi/|βx − βy| = λ/|nx − ny| where λ is the wavelength, βx,y
is the mode-propagation constant, and nx,y is the modal refractive index
for the orthogonal x- and y-polarised modes (fast and slow). The values of
both LB and LF are typically of the order 10-20 m for spun single mode
fibres on ∼ 15 cm diameter bobbins [51]. These values are expected to
apply also for the HNLFs used in this thesis.
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Note that a large internal linear birefringence can also be created inten-
tionally by applying internal stress (with stress rods) or by an elliptical core.
This results in a polarisation-maintaining fibre (PMF) which can maintain
a linear SOP of the propagating light throughout the whole fibre. Such a
fibre can also be used with high advantage for realising stable fibre-based
switches (c.f. Chapter 6).
2.2.2 Non-linear polarisation evolution
Isotropic fibre
Even in an isotropic fibre, the high-power control pulse will only main-
tain its SOP if it is linearly or circularly polarised at the input to the
fibre [52]. If the control pulse is in an elliptical polarisation state, SPM will
cause the control SOP to change. This effect is denoted non-linear polar-
isation rotation (NPR). Furthermore, since SPM is power-dependent, the
polarisation-change will differ for different parts of the pulse power profile.
This phenomenon is denoted intra-pulse depolarisation (IPD), and compli-
cates the control pulse evolution even further. This behaviour will affect a
co-propagating probe pulse in a complicated manner due to XPM-induced
NPR, in particular if there is no walk-off, or if the control pulse is not
sufficiently broad compared to the probe pulse. In this case, the probe
pulse will experience IPD and the spectrum can exhibit a multi-peak pro-
file where the different peaks have different polarisations [52]. Note that
the Kerr shutter as explained above is a simple example of XPM-induced
NPR, since a linear SOP of the control pulse is assumed.
Standard fibre
In the case of a real fibre, the random birefringence implies a more com-
plicated evolution of the SOP. Furthermore, the SOP evolution is also in-
fluenced by the effect of SPM-induced NPR in the case of a high-intensity
control pulse. This complicated evolution will cause the SOP to go through
an increasing number of different states, and after a relatively short propa-
gation length, the Poincare´ sphere of SOPs will practically be covered. As a
consequence, the non-linear effects can be averaged over the entire Poincare´
Sphere, provided the non-linear length Ln = 1/γPctrl is much longer than
LB and LF (defined above) [53, 54]. Here, Pctrl is the peak power, and
the averaging condition basically says that the polarisation must fluctuate
randomly (due to the residual PMD) before the non-linearities begin to
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take effect. For fibre lengths and peak powers where this averaging can
be applied, there are several implications, including some which simplify
the overall influence of the non-linear effects at the output of the fibre.
Firstly, the non-linear coefficient is reduced by a factor 8/9 after the av-
eraging over all SOPs: γ → γe = 89γ [55]. Furthermore, the SPM of the
control pulse becomes independent of the input SOP, and the total phase-
shift is ∆ΦSPM = γePctrlL. The XPM on a probe pulse is still dependent
on the relative control- and probe SOPs, but independent of the absolute
SOPs at the input to the fibre. The XPM-induced phase-shift on a co-
polarised probe pulse becomes ∆ΦXPMco = 2γePctrlL, which is only twice
the value for an orthogonally polarised probe of ∆ΦXPMorth = γePctrlL [53].
The polarisation-dependence is therefore reduced from a factor of 3 to 2,
compared to the (non-averaged) situation in an isotropic fibre, c.f. eqs.
(2.19) and (2.21).
Standard fibre and PMD diffusion
Above, it is assumed that the control and probe wavelengths are closely
spaced, which implies that the effect of the residual PMD on the linear
evolution of the SOP would be the same. However, the effect of birefrin-
gence on the SOP depends on the wavelength. This effect has to be taken
into account when the control- and probe wavelengths are widely separated.
In this case, their SOPs will tend to follow diverging paths, and the relative
SOP orientation at the input of the fibre will be lost after a characteristic
length known as the PMD diffusion length, given by Ld = 3/(DpΩ)2 (in
the case of linear propagation) [56]. Here, Dp is the PMD parameter of
the fibre, and Ω = ωctrl − ωd, where ωctrl and ωd are the control and probe
carrier frequencies, respectively. Numerical studies have shown that the in-
fluence of PMD diffusion is most noticeable when Ld becomes comparable
to the non-linear length Ln [56]. In this situation, XPM and PMD interact
strongly and the probe SOP is ’randomised’ after a length of ∼ piLn (corre-
sponding to ∆ΦSPM ∼ pi). Furthermore, this effect is strongly dependent
on the control power. This implies that the probe pulse will experience
XPM-induced NPR in a situation where the control pulse has a compara-
ble, or smaller width. The power dependence of NPR can also cause IPD
when there is walk-off. In a situation where Ld  Ln, the PMD causes the
relative SOP orientation to fluctuate randomly before XPM begins to take
effect. In this case, an averaging effect takes over, and the probe SOP will
be much less affected by the control pulse. Finally, if Ld  Ln, the effect
of PMD diffusion becomes negligible and the evolution of the probe SOP
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becomes very dependent on the orientation relative to the control SOP at
the fibre input (as in the previous section). This situation is well suitable
for realising a Kerr shutter.
2.2.3 Influence of residual PMD on the NOLM
The performance of the NOLM is affected by the random birefringence
and PMD diffusion in a standard fibre. This has been studied numerically
in [57], which shows that a certain reduction in switching contrast is in-
evitable compared to the idealised situation of an isotropic fibre. The ideal
situation was described using the model in section 2.1.2, were it is assumed
that the control and data signals are linear and co-polarised throughout
the fibre in the NOLM, enabling a complete switching of the data pulse
(T = 1). In a standard fibre, the phase and SOP of the cw propagating
data pulse will be affected in a complicated manner due to the unavoidable
XPM-induced NPR. This makes it difficult to achieve a situation where
the cw and ccw data pulses are perfectly co-polarised after the round-trip,
and as a consequence the data pulse cannot be completely switched. This
effect turns out to be most severe when the PMD diffusion length Ld and
the non-linear (XPM) length LXPMn = 1/(2γePctrl) are comparable, as ex-
pected following the discussion above. When the parameters yield such a
situation, the numerical simulations in [57] show that the switching con-
trast can not be increased beyond T ≈ 0.92. The exact value of T depends
on the particular PMD distribution along the fibre, and this dependence
also turns out to be largest when Ln ≈ Ld, where the fluctuation level of
T is ∼ 5% when different distributions of the random birefringence are im-
plemented. Interestingly, in the limit where L Ld, the extensive relative
SOP fluctuations result in an overall XPM phase-shift that is independent
of the input SOPs of both data and control signals, and the NOLM attains
a polarisation-independent transmittivity of T = 0.75. This has also been
observed experimentally using a 13 km long fibre in the NOLM [29]. It
should also be noted that walk-off can lead to an asymmetry in the switch-
ing window. This is because the relative SOP between control and probe
changes during the walk-off, which in turn affects the XPM on the probe
(causing IPD) and consequently, also the temporal profile of the switching
window.
Although these numerical results are very instructive, it must be noted
that they rely on a statistical assumption on the birefringence distribution,
which requires that the NOLM length L is 10-15 times larger than LF (the
reported results were based on L = 3 km). Since the NOLM lengths in this
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thesis are often 100 m and below, it would require a more basic numerical
simulation to confirm the above results for such short fibre lengths [57].
However, it is still interesting to determine whether the numerical pre-
dictions above would apply to the typical NOLM parameters used in this
thesis. For this purpose, the lengths LXPMn and Ld need to be evaluated
and compared. The fibres used for switching in this thesis are of the HNLF
type, with PMD typically in the range Dp ∼ 0.05 → 0.1ps/
√
km, and
the wavelength separation between control and probe is ∼ 20 nm, which
yields Ld ∼ 1000 − 5000 m. In the NOLM, the control power is adjusted
to achieve an XPM phase shift of ∼ pi after the total fibre length L, and
therefore LXPMn ≈ L/pi. For a typical length L = 100 m, the non-linear
length is then LXPMn ≈ 30 m which is well below the expected values for
Ld of 1000-5000 m. The effects of PMD diffusion between control and data
pulses therefore appear to be negligible. Furthermore, it should be noted
that this value of LXPMn is comparable to the typical values of LB and LF ,
implying that the method of averaging the non-linear effects over all SOPs
(as explained previously) is hardly applicable in this thesis. In future work,
it could therefore be interesting to carry out the numerical simulations that
extend the work above to shorter HNLF lengths.
2.3 Pulse compression
The highest pulse rate employed in OTDM experiments to date is 640 Gbaud,
which requires pulse compression in order to obtain the necessary pulse
width well below 1 ps. Note that the pulse rate notation Gbaud is replaced
by Gbit/s in the following, since the typical on-off keying (OOK) data
modulation of the pulses is assumed. Indeed, pulse compression is neces-
sary since commercially available pulse sources do not deliver pulses which
are sufficiently narrow to generate a 640 Gbit/s OTDM data signal directly
by multiplexing. The output pulse width of the available lasers is typically
just below ∼ 2 ps, which enables multiplexing up to 160 Gbit/s, and in
some cases 320 Gbit/s, at the expense of a slight overlap between the pulse
tails. For this reason, it is necessary to further compress the pulses before
multiplexing up to 640 Gbit/s. This requires only a moderate compression,
but it is still a challenging task due to the high requirements on the qual-
ity of the compressed pulse (see section 2.3.1). The compression technique
employed in nearly all reported 640 Gbit/s OTDM experiments is soliton
compression in a dispersion-decreasing fibre (DDF) (section 2.3.2), but this
usually requires a subsequent pedestal-reduction technique to improve the
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compressed pulse quality. During the research stay at the Technical Uni-
versity of Eindhoven (TU/e), some experimental work was carried out on a
different compression technique. The starting point of this work was pro-
vided by [22], which demonstrated the advantages of off-carrier filtering of
a SPM-broadened spectrum, in order to generate pedestal-free compressed
pulses. Although a very similar compression technique had been demon-
strated earlier [58], the particular influence of the off-carrier filtering on the
pedestal was not investigated. Furthermore, it appears that the off-carrier
filtering method has not been used for compression in OTDM experiments
previously. In [22] from 2006, this method was used for the first time to gen-
erate compressed pulses for a 40 Gbit/s OTDM system. Here, it is demon-
strated that this principle can be extended to generate even narrower pulses
with negligible pedestals by using a dispersion-flattened highly non-linear
fibre (DF-HNLF). The resulting pulses are highly suitable for 640 Gbit/s
applications, and no pedestal-reduction is required after the compression.
This technique is used in all 640 Gbit/s experiments in this thesis. Some
examples of the high-quality compressed pulses that can be obtained are
presented in section 2.3.3. The experimental procedure is described, but
the underlying working principle is not discussed in detail. Indeed, a more
thorough investigation, both experimental and theoretical, is recommended
in order to properly understand the physical mechanism and to reveal the
limits of this compression method.
2.3.1 General requirements on compressed pulse
In general, performing a pulse compression is no trivial task, since a high
quality of the compressed pulse is required. Not only must the compression
technique avoid introducing noise of any kind into the pulses, it is also
important to avoid generating any residual pedestals or pulse tails in the
process. Indeed, in an OTDM signal it is imperative to avoid any overlap,
or leakage, of the data pulses into the neighbouring time-slots, since this
will lead to interferometric cross-talk (IXT) and introduce penalties in the
bit error rate (BER) performance of the data channels. Requirements on
the pulse width and pulse tail extinction ratio (PTER) for different OTDM
bit rates can be found in [59]. This numerical study predicts that the
FWHM pulse width for ideal gaussian pulses with infinite PTER should be
less than 0.4×time-slot (625 fs at 640 Gbit/s) to avoid any penalty due to
overlapping pulse edges. Furthermore, if a residual pulse pedestal is also
present (resulting in a finite PTER), this has to be quite well suppressed.
For example, in the case of a 640 Gbit/s data signal multiplexed from
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16×40 Gbit/s channels, it is predicted that the PTER should be kept as low
as 37 dB to achieve a penalty < 1 dB for the demultiplexed channels. Note
that the PTER is defined as the ratio of the pulse peak to a low, constant
intensity background. The pedestals originating from a pulse compression
will typically by confined near the compressed pulse, and will therefore only
affect the nearest neighbours in the OTDM signal. The requirements on
the peak-to-pedestal ratio will therefore be relaxed compared to the values
for the PTER calculated in [59].
2.3.2 Standard technique: soliton compression
In general, it is relatively simple to compress a pulse to a very narrow
FWHM pulse width. However, it is more challenging to compress the en-
tire pulse, so that none of the original pulse is left ’uncompressed’ as a
pedestal next to the narrow central pulse. These pedestals will result in
IXT with the neighbour channels in the multiplexed OTDM signal, and
lead to penalties as mentioned above. The standard compression technique
in practically all reported 640 Gbit/s experiments to date is the adiabatic
compression of a fundamental soliton in a DDF [60, 61]. By using this
technique, the pulses from commercial lasers are easily compressed to a
FWHM below 625 fs, as required for 640 Gbit/s OTDM. This technique
was used in the pioneering 640 Gbit/s OTDM demultiplexing [5] and trans-
mission experiments [10] from 1998, as well as in later OTDM transmission
experiments of 640 Gbit/s [62], of 1.28 Tbit/s by using polarisation mul-
tiplexing [11], and of 2.56 Tbit/s by combining polarisation multiplexing
with differential quadrature phase shift keying (DQPSK) [12]. Note that
these bit rates are all based on a 640 Gbaud pulse rate.
Adiabatic soliton compression in a DDF is based on the fact that a
fundamental soliton will adjust to a weakly decreasing dispersion by ad-
justing its pulse width, and the compression factor is (in theory) given by
the ratio of the input to output dispersion of the DDF. However, if the
dispersion is decreasing too fast, the soliton will not be able to respond
accordingly, and the soliton propagation will be accompanied by the for-
mation of a small pedestal [61]. In practice, this means that a considerable
length of the DDF, typically > 1 km, is required to obtain a good pulse
quality. But still, it appears that a sufficiently low pedestal is difficult to
achieve, since a large majority of the reports on 640 Gbit/s OTDM ex-
periments include a pedestal-reducing device after the DDF. These reports
include the references [11,12,62] cited above. In most reports, including the
three last references, the pedestal reduction is performed with a dispersion-
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imbalanced non-linear optical loop mirror (DI-NOLM). The DI-NOLM is
based on non-linear self-switching by SPM [63, 64], and has proven to be
an efficient and often-used method for pedestal reduction for 640 Gbit/s
OTDM experiments.
2.3.3 SPM-chirping and off-carrier filtering
The compression technique investigated here is based on chirping of the
pulse by SPM in a fibre with negative dispersion, followed by off-carrier fil-
tering and linear propagation through a standard single mode fibre (SMF)
to compensate the chirp and thereby compress the pulse [22]. This pro-
cedure is described in more detail later. The method of using SPM in
combination with negative fibre dispersion in itself is well-known (see back-
ground below). The novelty of the technique proposed in [22], and that
provided the starting point for the experimental work presented here, is
the combination of SPM-chirping with subsequent off-carrier filtering to
specifically reduce or avoid the pedestal.
Background
The effect of SPM of a high-power pulse in a negative dispersion fibre al-
lows to generate a linear up-chirp across the pulse, which in the process
also acquires a flatly broadened spectrum. For this reason, the method can
be used not only for pulse compression [58,65,66], but also for channel gen-
eration for wavelength division multiplexing (WDM) systems [67,68]. The
up-chirp signifies that the leading edge of the pulse is red-shifted compared
to the blue-shifted trailing edge, and the instantaneous frequency increases
across the pulse. In the optimum situation, the chirp increases linearly
across the entire temporal duration of the pulse at the output of the fi-
bre used for SPM, and the corresponding spectrum is broadened to a flat
shape with very low ripples (an example can be seen in Figure 2.4). This
situation relies on a balanced interaction in the fibre between the SPM and
the accompanying pulse broadening due to the negative dispersion. Indeed,
the experimental parameters must fulfill certain conditions since the final
result depends on both the shape and peak power of the input pulse, as
well as the length and dispersion of the fibre [65, 69]. Most importantly,
the dispersion-slope of the fibre should be ideally zero to linearise the chirp,
which makes DF-HNLFs highly suitable for the purpose [70]. Indeed, the
dispersion-slope of a DF-HNLF is typically smaller by an order of magni-
tude compared a standard HNLF [71].
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At the output of the non-linear fibre, the temporal pulse has acquired a
nearly rectangular shape, which is broader compared to the input pulse due
to the dispersion. In order to obtain a compression compared to the input
pulse, the linear up-chirp across this rectangular output pulse is compen-
sated by a propagation through a medium with positive dispersion, typically
a standard SMF. By propagating through the SMF the pulse is gradually
compressed, and after a certain length the chirp is compensated and the
pulse attains a minimum width. The shape and width of the compressed
pulse depends on its spectrum, as well the chirp profile after the non-linear
fibre, and how well this is compensated by the dispersion profile of the fol-
lowing SMF. A deviation from the ideal linear up-chirp across the entire
pulse can lead to pedestals. For example, if the chirp is only linearised
across the central part of the pulse by the non-linear fibre, then the edges
of the pulse will not be compensated by the SMF and instead appear as
two small distinct pulses on both sides of the compressed central pulse.
Such a situation will be shown later in Figure 2.5. Finally, optical filtering
can be added after the non-linear fibre in order to optimise the spectrum
of the compressed pulse, and at the same time, to ’select’ a certain part of
the chirp profile so as to improve the pulse quality. This is the technique
employed in this thesis, and the experimental set-up and procedure are
described below.
Experimental procedure and discussion
The typical configuration of the set-up used for pulse compression in this
thesis is shown in Figure 2.3. The underlying mechanism is as described
above, but it is repeated here with a few comments on the experimental
procedure. The pulses are amplified by a high-power erbium doped fibre
amplifier (EDFA), followed by a BPF centered at the carrier wavelength.
This is in order to avoid ASE noise in the SPM-broadened spectrum after
the non-linear fibre, which might deteriorate the signal-to-noise ratio at the
off-carrier filtered wavelength [72]. The amplified pulses enter a DF-HNLF
with negative dispersion and a low dispersion slope where the SPM causes
the spectrum to broaden. After a sufficient propagation length in the DF-
HNLF, the spectrum attains a flat-top shape by the interaction between the
SPM and the accompanying temporal pulse broadening due to the negative
dispersion [65]. At the output of the DF-HNLF, the broadened pulses have
a rectangular shape with, ideally, a linear up-chirp across the entire pulse
profile. The following tunable BPF is used to select a part of the flat-
top spectrum [22]. The obtained chirp allows to compress the pulses by
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Figure 2.3: Set-up for pulse compression, based on linear chirping by SPM in a DF-
HNLF, followed by off-carrier filtering. The temporal evolution of the pulses throughout
the compressor is shown schematically below the set-up. The data pulses are amplified
and filtered by a BPF to remove ASE noise. The amplified pulses enter a DF-HNLF
(typical length ∼ 500 m) with negative dispersion and low dispersion-slope, where they
acquire a linear up-chirp by the interplay between SPM and the dispersion. In this
process, the pulses are broadened temporally to a rectangular shape. These pulses are off-
carrier filtered by a BPF, and the up-chirp is then compensated by propagation through
a precise length of standard SMF (typically ∼ 20 m), after which the pulses obtain the
compressed width.
letting them propagate through an SMF with positive dispersion. After a
certain SMF length, the chirp at the DF-HNLF is compensated and the
pulses obtain the compressed shape (fourier transform limited in the ideal
case). Examples of the experimental optical spectra at different locations
in the set-up can be found in Figure 2.4, showing the spectra of the input
and output pulse of the DF-HNLF, and after the off-carrier filtering with a
5 nm BPF to obtain the compressed pulse. Note that polarisation control
of the input pulse to the compressor is not required, since the residual
birefringence of the non-linear fibre will tend to average the SPM effect
over all polarisation states, considering that the fibre is usually relatively
long (c.f. section 2.2.2).
In practice, the tunable parameters in the set-up are adjusted until an
optimised compressed pulse is obtained, i.e. with minimised or no pedestals.
These parameters are the output power of the EDFA, the SMF length, and
the tuning of the BPF after the DF-HNLF. However, an ideal linear up-
chirp across the entire pulse is often difficult to achieve in practice, even
with a careful optimisation of the tunable parameters. Indeed, the limiting
factors are most often given by the shape of the input pulse [69], and the
dispersion characteristics of the available fibres, since these parameters also
i
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Figure 2.4: Examples of spectra at different locations in the compression stage (shown
in Figure 2.3). Here, the input is a 10 Gbit/s OOK pulse train at 1546 nm with a
FWHM of ∼ 2 ps, which is amplified to 28 dBm before the DF-HNLF (length 400 m,
γ = 10.5 W−1km−1, D = −1.2 ps/(nm · km) and S = 0.003 ps/(nm2 · km) at 1550 nm).
The spectrum of the compressed pulse is obtained by off-carrier filtering the output
spectrum of the DF-HNLF with a 5 nm BPF. The compressed pulse (FWHM ∼ 700 fs) is
obtained after propagation through∼ 20 m of SMF, and has pedestals that are suppressed
by > 30 dB compared to the pulse peak.
have influence on the final result, as mentioned previously. In particular,
the fibre might not have a sufficiently low dispersion slope to linearise the
chirp. This is often the case with a normal HNLF, which is also tested in the
experimental example below. As shown in this experiment, the pedestal-
reducing effect of off-carrier filtering is much higher when using the normal
HNLF, compared to a DF-HNLF where the output chirp is much closer to
the ideal linear shape.
Example
In the experiments, both a normal dispersion-shifted HNLF and a DF-
HNLF were tested. The fibres available for these experiments were a 400 m
DF-HNLF (kindly provided by OFS Fitel Denmark) and a 550 m HNLF
(Sumitomo). The parameters of the 400 m DF-HNLF are: non-linear coeffi-
cient γ = 10.5 W−1km−1, dispersion D = −1.2 ps/(nm ·km) and dispersion
slope S = 0.003 ps/(nm2 · km) at 1550 nm. The parameters of the 550 m
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HNLF are γ ∼ 21 W−1km−1, zero-dispersion wavelength λ0 ∼ 1590 nm,
and slope S = 0.08 ps/(nm2 · km) at 1550 nm. The input pulses to the
compressor have a FWHM ∼ 1.8 ps and are obtained from a 10 GHz
mode-locked fibre laser (MLFL) tuned to 1546 nm. A BPF with a 3-dB
bandwidth of 5 nm was used to off-carrier filter the broadened spectra after
the fibre sample.
The experimental procedure to obtain the best compressed pulse is as
follows. First of all, the input power to the non-linear fibre is adjusted to
achieve a flat-top spectrum with the lowest possible ripple at the fibre out-
put. Then, the detuning of the BPF and the SMF length are adjusted until
both the pulse width and the pedestal are minimised. This situation is ob-
tained with the BPF tuned to an off-carrier position at 1538−1540 nm in the
case of both fibres. Typical spectra when using the DF-HNLF are shown in
Figure 2.4. Note that these spectra were obtained with OOK-modulation
on the pulses, which is used for the BER measurements described later.
Figure 2.5 shows autocorrelations of the compressed pulses obtained with
both fibre samples, plotted on a logarithmic scale to enhance the smaller
power levels. The autocorrelation corresponding to the normal HNLF dis-
plays a pedestal in the shape of two residual peaks on each side of the central
pulse. The FWHM width of the central pulse in the autocorrelation trace
is ∼ 820 fs. The pulse shown in Figure 2.5 is the best result obtained with
the HNLF, and the peak-to-pedestal ratio is ∼ 24 dB. Such a high value
was impossible to obtain with on-carrier filtering, where the pedestals are
much more pronounced (autocorrelations were not recorded). As discussed
earlier, the residual pedestal is attributed to the relatively high dispersion
slope of the HNLF, making it difficult to obtain a linearised chirp.
The performance of the compressor is substantially improved when us-
ing the 400 m DF-HNLF, where the dispersion slope is much lower. The
autocorrelation of the compressed pulse, obtained by off-carrier filtering at
∼ 1540 nm, is shown in Figure 2.5 (circle symbols). The peak-to-pedestal
ratio is in excess of 30 dB, since the autocorrelation has no visible pedestal.
Note that 30 dB is the measurable dynamic range of the autocorrelator.
The internal gain in the autocorrelator or the optical input power can be
increased to observe an eventual pedestal below 30 dB, but then, the peak-
to-pedestal ratio cannot be determined since the peak leaves the measurable
range. When the BPF is tuned to 1540 nm, no pedestal can be detected
with this method. A gaussian (red line) can be fitted with high accuracy
to the autocorrelation, and the FWHM is 900 fs. If a gaussian shape of the
compressed pulse is assumed, this corresponds to a FWHM pulse width of
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Figure 2.5: Autocorrelations of the compressed pulses, using a DF-HNLF and a stan-
dard HNLF in the compressor. A gaussian (red line) can be fitted with high accuracy
to the autocorrelation of the pulse obtained using the 400 m DF-HNLF (circles). The
FWHM is 900 fs and no pedestals are detected with the autocorrelator. For comparison,
the plot also shows the autocorrelation of the best pulse obtained with the normal 550 m
HNLF under similar conditions (see the text). In this case, the peak-to-pedestal ratio is
limited to ∼ 24 dB.
640 fs. Considering the 3 dB bandwidth of the BPF of 5 nm, this yields a
time-bandwidth product of 0.40 for the compressed pulse. The value is 0.44
for an ideal gaussian pulse, but a direct comparison is not possible, since
the BPF does not shape the spectrum into an ideal gaussian. However, the
result indicates a nearly fourier transform-limited compressed pulse. The
influence of the filter detuning was much lower compared to the HNLF, but
the off-carrier tuning was necessary to avoid any detectable pedestal. With
on-carrier filtering, a small pedestal appeared, but this was suppressed by
∼ 30 dB or more since it could hardly be observed without increasing the
input power to the autocorrelator (no autocorrelations were recorded).
As indicated by the following measurement, the off-carrier filtering tech-
nique does not deteriorate the BER performance of amplitude-modulated
data pulses. To perform the BER measurement, the 10 GHz MLFL pulses
are modulated by OOK with a 27− 1 pseudo random bit sequence (PRBS)
in a Mach-Zehnder interferometer (MZI) before the compressor. The BER
curve of the 10 Gbit/s data pulses is measured before and after the com-
pressor using a direct receiver and BER test set, and the results are shown
in Figure 2.6 (a). The spectra corresponding to this experiment are shown
in Figure 2.4. Note that the BER curve for the compressed 10 Gbit/s is
measured in two cases: with (triangles) and without (circles) a 5 nm BPF
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Figure 2.6: BER evaluation of the compressed 10 Gbit/s pulses. (a) BER curves of:
the 10 Gbit/s back-to-back before the compressor (filled squares), after the compressor
(circles), and after the compressor when a 5 nm BPF is inserted between the EDFA
and the DF-HNLF to remove ASE noise (triangles). (b) Eye diagrams of the 10 Gbit/s
pulse before (left) and after the compressor (right), obtained with a 700 GHz optical
sampling oscilloscope (resolution ∼ 1 ps). The spectra of the 10 Gbit/s compressed and
uncompressed pulses can be seen in Figure 2.4.
inserted after the EDFA to remove ASE. This test is performed in order to
observe if non-filtered ASE noise at the off-carrier wavelength has any ef-
fect. The BER curves show that the effect is negligible, since the penalty is
only ∼ 0.2 dB when removing the ASE filter. This indicates that the ASE
filter is not strictly required in this set-up. Compared to the back-to-back
10 Gbit/s, the sensitivity (required power for BER < 10−9) is improved by
∼ 0.5 dB after the compression. This improvement is attributed to the re-
generating Mamyshev effect that can be obtained by off-carrier filtering of
an SPM-broadened spectrum [73]. This effect is slightly apparent from the
eye diagrams in Figure 2.6 (b), showing the input 10 Gbit/s pulse (left) and
the off-carrier filtered 10 Gbit/s pulse after the compressor (right). Both
a suppression of the 0-level and a reduced fluctuation of the 1-level can be
observed after the compression.
Conclusion and remarks
The example above illustrates the ability of the compression method to gen-
erate high-quality, nearly transform-limited pulses with negligible pedestals.
This compression method is successfully used in all 640 Gbit/s experiments
in this thesis, without adding any pedestal-reducing stage after the com-
pressor. The low level of the pedestal allows to obtain very small penal-
ties of 2− 3 dB on the 10 Gbit/s data-channels after demultiplexing from
640 Gbit/s (see e.g. Figure 4.3).
It is evident that a thorough characterisation is needed to better de-
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termine the influence of the various experimental parameters on the com-
pressed pulse. Furthermore, a future numerical study should be performed
to obtain a good understanding of the interplay between the generated
chirp and the off-carrier filtering. This study could also provide guide-
lines for how to further optimise the parameters in order to achieve even
narrower pulses with negligible or no pedestals.
Note that the pulse width of ∼ 640 fs obtained above with a 5 nm BPF
is nearly able to fulfill the requirements for 640 Gbit/s (FWHM < 625 fs).
However, the filter bandwidth is increased in the experiments in order to
further narrow the pulse. This results in a better space between the pulses
in the OTDM signal, which helps to accommodate for the unavoidable
misalignments of time-delays in the multiplexer. Furthermore, it will be
noticed that the filter detuning compared to the carrier becomes rather
small in some cases. This is attributed to a nearly optimum linear chirp
at the output of the used DF-HNLF, resulting in very low pedestals even
without off-carrier filtering.
2.4 Time-division add-drop multiplexing
This section contains the background on TADM relevant to the experimen-
tal demonstrations in Chapter 5 and Chapter 4. The working principle of
TADM is described in more detail, and some general requirements are dis-
cussed in section 2.4.1. Furthermore, previous work on TADM is reviewed
and discussed in section 2.4.2.
2.4.1 Working principle
The general working principle of time-division add-drop multiplexing (TADM)
was briefly introduced in Chapter 1 with Figure 1.2. The task of a TADM
switch is basically two-fold: to extract a base rate data channel from the
OTDM data signal, and to replace it with a new data channel. The fol-
lowing nomenclature will be employed throughout the thesis to describe
the TADM operation. The base rate channel in the incoming OTDM sig-
nal which is to be extracted is denoted the target channel, and after the
extraction, it is denoted as the dropped channel. The incoming base rate
channel which is to be inserted into the OTDM signal is denoted the add-
channel, and after the insertion (into the time slot of the target channel)
it is denoted as the added channel.
Conceptually, the operation of a TADM can be divided into three sep-
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Figure 2.7: Time-division add-drop multiplexing (TADM), divided into 3 tasks: the
drop-operation, the clear-operation, and the add-operation.
arate tasks, instead of the two mentioned above. The three tasks are:
the drop-operation, the clear-operation, and the add-operation, as shown
in Figure 2.7. The drop-operation then only means the demultiplexing of
the target channel, which does not necessarily result in the simultaneous
clearing of the corresponding bit-slot in the OTDM signal. The latter is
performed in a separate task denoted the clear-operation. The final step is
then the add-operation where the add-channel is inserted into the cleared
bit-slot.
It should be noted that the task of the TADM switch is to extract
and add a data-channel solely, and not to simultaneously convert the wave-
lengths of the signals, as follows from certain TADM techniques (c.f. section
2.4.2). It is therefore required that the wavelength of the output OTDM
data is identical to that of the input OTDM data. The same requirement
should be imposed on the dropped-channel, if this is to be added to another
OTDM data signal. However, the context in which the TADM will be oper-
ative should decide whether these requirements are strictly necessary. It is
possible that a combined add-drop multiplexing and wavelength conversion
could be advantageous in certain network contexts.
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Suppression ratio and signal quality
It is obvious that the signal deterioration of the data by the TADM should
be as small as possible. Many factors can contribute to the signal deteriora-
tion, including various kinds of noise such as ASE, losses, limited response
time (leading to data pattern dependence), pulse distortions etc. The most
preferable would be a transparent TADM switch, which does not introduce
any power penalty on the data signals. A very important parameter de-
termining the signal deterioration of a TADM is the suppression ratio. As
shown in Figure 2.7, the dropped channel will suffer from IXT in the case
of a limited inter -channel suppression ratio, and the added-channel will
suffer from interferometric cross-talk (IXT) due to a limited intra-channel
suppression ratio. It is therefore crucial for a successful operation of the
TADM to maximise these suppression ratios.
The suppression ratio of the TADM will also determine the cascadability
of the device, since the penalties due to IXT can build up during sequential
add-drop multiplexing. This issue has been studied in [74]. One conclusion
of this study is that sequential drop- and add-operation of the same channel
will lead to a penalty that quickly saturates after a small number of TADMs.
The reason is that each TADM repeatedly suppresses light in the time slot
by the same ratio, the value of which will determine the saturated penalty
of the corresponding channel. It is also particularly important that the add-
channel does not contain pedestals or pulse tails, since these will interfere
with the neighbour channels in the OTDM signal after the add-operation.
Of course, this is primarily a requirement to the pulse source, and not to the
TADM itself. Such pedestals will quickly introduce large channel penalties
for cascaded TADMs. However, the penalty on a given channel will be reset
to a certain value each time it is selected as the target channel of a TADM.
This study thus indicates that a TADM might be successfully incorporated
as a network element, even though the suppression ratio is limited. The
acceptable suppression ratio will depend on several factors: the network
structure, the number of cascaded TADMs and the identity of the selected
target channels at each TADM etc. Such a limiting value for the suppression
ratio is not determined here, since the network structure is not considered.
Indeed, the goal of this thesis is to focus on the TADM switch and to
demonstrate an operating bit rate up to 640 Gbit/s. The main point from
this discussion is that an infinite suppression ratio is not strictly required for
the TADM switch. In the experiments in this thesis, the signal deterioration
by the TADM switch is evaluated directly by BER measurements, and the
induced penalties are used to characterise the performance.
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2.4.2 Previous work
Prior to this project, experimental demonstrations of TADM with error-
free operation have been reported for OTDM bit rates up to 160 Gbit/s.
At 320 Gbit/s, only eye-diagram characterisations of the TADM operation
have been reported. These, and other TADM demonstrations are briefly
reviewed in the following, starting with TADMs based on semiconductor
devices, followed by the fibre-based TADMs. The focus is on the reports
with the highest operating bit rates.
Semiconductor-based TADM
TADM has been demonstrated using both electro-absorption modulators
(EAMs) and semiconductor optical amplifiers (SOAs).
So-called standing wave enhanced EAMs have been used for 160 Gbit/s
TADM with a 40 Gbit/s base rate [18]. Here, the use of EAMs allows the
switching window to be directly generated using a 40 GHz electrical control
signal, as opposed to an optical pulse train which is required in most other
TADMs. Two separate EAMs with different bias voltages were used for the
drop-operation and the clear-operation.
Several 160 Gbit/s TADMs using SOAs have been reported. In [16], an
SOA in gain-transparent operation is used in a non-linear interferometer
to perform 160 Gbit/s TADM. This switch is called the gain-transparent
ultra fast non-linear interferometer (GT-UNI). Here, the target channel is
dropped by using XPM in the SOA to perform a rotation of the polarisa-
tion compared to the non-target channels. The gain-transparent operation
of the SOA means that the probe is located outside the gain spectrum of
the SOA, as opposed to the control pulses which are located around the
gain peak (in this case around 1300 nm). This mode of operation of the
SOA reduces the pattering effects due to the slow gain recovery. A GT-
UNI in a similar configuration has been used to perform in-line TADM
in a 160 Gbit/s transmission experiment over 150 km [75], and even in a
160 Gbit/s field-trial over 275 km deployed fibre [17]. The effect of FWM
in an SOA has also been used to demonstrate TADM at 40 Gbit/s [76].
Additionally, MZI structures with SOAs have been used for TADM, but at
lower bit rates. In [77], a MZI with two SOAs is used for 40 Gbit/s TADM.
A consecutive control pulse injection scheme is used to reset the response
of the MZI, in order to counteract the slow SOA carrier dynamics. Two
separate counter-propagating clock pulse trains at 10 GHz and 3× 10 GHz
are used for the drop-operation and for the clear-operation, respectively.
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This enables very high suppression ratios, but implies an increased com-
plexity due to the generation of two clock pulse trains, which also results
in a wavelength converted output of the TADM. More recently, a numeri-
cal study of a modified SOA-MZI set-up has been reported, where TADM
operation up to 320 Gbit/s is predicted [78]. However, no experimental
demonstrations of this have been reported yet.
Fibre-based TADM
The highest reported operating bit rate of a TADM prior to this project is
∼ 320 Gbit/s, which was demonstrated using fibre-based switches. In [19],
a Kerr shutter with a HNLF performs a non-linear polarisation rotation of
the target channel, based on XPM by high-intensity control pulses. At the
HNLF output, two separate polarisers extract the dropped channel and the
OTDM signal with a cleared bit slot, respectively. This makes the TADM
operational even when the non-linear phase-shift does not allow for a perfect
90◦ polarisation-rotation. Error-free operation is shown at 160 Gbit/s, and
eye-diagrams characterise the performance at 320 Gbit/s. A Kerr shutter
based on a 1 m long bismuth-oxide fibre with ultra-high non-linearity has
also been used to demonstrate TADM at 40 Gbit/s [79] and 160 Gbit/s
[20]. In another report employing a Kerr shutter, all TADM operations are
performed in a single step, by rotating the polarisations of both the target-
and add-channel simultaneously [80]. This was shown at 40 Gbit/s, but
included no BER characterisation. In [81], TADM of a phase-modulated
80 Gbit/s OTDM signal is performed using a Kerr shutter with a HNLF. A
NOLM can also be used to perform TADM, since it allows to simultaneously
drop a channel and clear the corresponding bit slot (c.f. section 2.1.2). This
has been demonstrated at 80 Gbit/s [82]. In [21], a NOLM in a slightly
different configuration uses the same principle. Error-free TADM operation
is demonstrated at 160 Gbit/s, and eye-diagrams show the performance at
320 Gbit/s. Other techniques based on fibre non-linearities have also been
used for TADM. The effect of XPM can be used to perform wavelength-
shifting of data-pulses, which enables to simultaneously drop and clear a
data-channel by optical filtering. This has been demonstrated at 80 Gbit/s
and numerical studies predict even higher operating bit rates [83]. In a very
different approach, all data-channels are mapped onto different wavelengths
by using XPM by the OTDM signal of a broad, linearly-chirped pulse.
The individual channels can then be extracted with fibre Bragg gratings
(FBGs), which results in very large channel suppression ratios in excess of
30 dB. However, a wavelength converter is needed after the TADM to map
i
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all channels back onto a single-wavelength OTDM data signal. With this
technique, TADM has been shown at 40 Gbit/s [84]. Wavelength conversion
in fibres by XPM or FWM has also been used for TADM. In general, this
requires a rather complex set-up involving the generation of clock pulse
trains which are synchronised to the target channel for the drop-operation,
and to the remaining channels for the channel-clearing, respectively (as in
the SOA-MZI scheme cited previously). These clock pulses are then used
to convert the selected channels to a different wavelength. This technique
makes it possible to achieve very high suppression ratios, but requires a
conversion back to the original data wavelength after the TADM. This
principle has been used to demonstrate TADM at 100 Gbit/s, by using
FWM for wavelength conversion [85]. The effect of XPM can also be used
for the wavelength conversion, and has enabled 40 Gbit/s TADM according
to the above principle [86].
2.4.3 Comparison
At this point, it is interesting to consider whether there is a best choice
among the existing TADM techniques. This quickly turns out to become
a difficult comparison, since there are a number of quite different factors
which have to be weighed against each other. These include operating-
speed, set-up complexity, stability, integration potential, optical power re-
quirements, output signal quality, polarisation-dependence etc. We will
therefore not attempt to point out the best candidate. Instead, the follow-
ing discussion focuses on the set-up complexity and the potential operating
speed. A simple configuration with fibre-based switching is pointed out as
the most promising approach for ultra-high speed TADM.
Two general schemes can be distinguished among the above references.
The first scheme involves no wavelength conversion and the drop- and clear-
operations are often performed in a single switch, by using a control signal
at the base rate. This is the simplest approach, but the suppression ratio
in the cleared bit slot has generally been quite limited in the experimental
demonstrations. The second scheme involves the generation of separate
control pulse trains. These are used to convert selected channels to a new
wavelength in order to achieve the drop- and clear-operations. This scheme
can enable much higher suppression ratios, thereby preventing signal dete-
rioration of the output signals due to interferometric cross-talk. However,
this requires a very complex set-up, which should include a wavelength
back-conversion after the TADM. In general, a set-up that is simple to op-
erate and that requires little equipment should be favored if commercial
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application is a goal. For this reason, the first scheme appears to be the
most promising, even though the suppression ratio might be lower. Indeed,
a limited suppression ratio does not prevent the application of the TADM
in a network context, as pointed out earlier.
It is more difficult to point out the preferred device for performing the
switching itself, referring to the drop-, clear- and add-operations. In terms
of stability, potential for integration, and optical power requirements, the
semiconductor-based solutions are the best choice. Fibre-based devices
require higher optical power since they are based on the Kerr effect, and a
considerable length of fibre makes integration difficult and stable operation
challenging. In terms of operating speed, however, fibre-based devices are
the most suitable because of the almost instantaneous response of the Kerr-
effect. The slow carrier dynamics of SOAs limits their operating speed,
although recent demonstrations have pushed the boundaries [8] (see also
Chapter 7). But still, the patterning effects due to the recovery time remain
an issue. In the case of fibre-based devices, there is no inherent speed-
limitation which prevents operation above the Tbit/s barrier. Furthermore,
stable fibre-based switching with potential for commercial use seems to be
within reach, as pointed out in Chapter 6.
In this thesis, two fibre-based solutions for TADM are presented. In
chapter 3, it is shown that the NOLM can perform the entire TADM-
operation in a single step (including the add-operation), and this principle
is demonstrated at a bit rate of 640 Gbit/s. In chapter 4, a novel fibre-
based switch called the NPRL is introduced, and this device is also used
to demonstrate 640 Gbit/s TADM. The operating bit rate of 640 Gbit/s
shown in this work is thus four times higher compared to any previous
demonstration of error-free TADM (c.f. section 2.4.2).
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Chapter 3
Time-Division Add-Drop
Multiplexing in a NOLM
In this chapter, it will be demonstrated that the non-linear optical loop
mirror (NOLM) can be used to perform TADM on OTDM signals at bit
rates up to 640 Gbit/s. This is based on a principle which allows both the
drop-, clear-, and add-operations to be performed simultaneously, as will
be described in section 3.1. The first demonstration of the principle had to
be carried out at a relatively low bit rate of 80 Gbit/s (section 3.2), since
the timing jitter of the available control pulse source was too high for a trial
at higher bit rates. When a suitable pulse source became available it was
possible to carry out demonstrations at 160 Gbit/s and 320 Gbit/s (section
3.3). Later in the project, the progress on pulse compression techniques (c.f.
section 2.3.3) enabled the generation of 640 Gbit/s OTDM data signals, and
the TADM principle was finally demonstrated at this bit rate (section 3.4).
The results and strategies for improvement are discussed in section 3.5, and
the conclusion is given in section 3.6.
3.1 Principle
The principle of simultaneous time-division add-drop multiplexing (TADM)
based on a NOLM is shown in Figure 3.1. It relies on the simple ob-
servation that the NOLM can operate two-ways as a demultiplexer, that
is, simultaneously on incoming data to both input ports, as will be ex-
plained in this section. Compared to earlier TADM demonstrations using a
NOLM [21,82], where it performs the drop- and clear-operations only, the
method proposed here also incorporates the add-operation into the device.
49
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Figure 3.1: Principle of simultaneous TADM in a NOLM (STADM). (a) without control
pulses the switch simply reflects the incoming data signals without performing any TADM
operation, (b) with control pulses on, and properly synchronised with both the target-
and add-channels, the full TADM operation is obtained.
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The idea of simultaneously switching incoming signals on both input ports
has been proposed earlier for a related switch: the terahertz optical asym-
metric demultiplexer (TOAD), which is a NOLM with a semiconductor
optical amplifier (SOA) as the non-linear element [87]. Here, the TOAD
was used to demonstrate a so-called Fredkin logic gate.
The function of the NOLM as a simultaneous TADM is explained in
more detail in the following. It can be seen as an extension of the basic de-
multiplexing function of the NOLM, which was described earlier in section
2.1.2. The NOLM consists of an input coupler with a 50:50 splitting ratio, a
highly non-linear fibre (HNLF) as the non-linear medium, and another cou-
pler to couple control pulses into the HNLF in the clockwise direction of the
loop. Ideally, the NOLM reflects incoming light. In practice, this state is
achieved by adjusting an internal polarisation controller to compensate for
the residual birefringence in the loop. The OTDM data is then directed to
the left input port, and the add-channel is directed to the right input port.
In the absence of control pulses, both data signals are directed back towards
their respective input ports, and are separated from the incoming fibres by
circulators. This situation is shown in Figure 3.1 (a). High-intensity control
pulses at the base rate are then injected into the HNLF in the clockwise
direction of the loop, in order to impose a cross phase modulation (XPM)-
induced phase-shift on co-propagating data-pulses. This situation is shown
in Figure 3.1 (b). Here, both the target channel and the add-channel are
synchronised with the control pulses by using variable time-delays (not
shown). If the control pulse power is precisely adjusted, and the polarisa-
tions of both control- and incoming data-pulses are aligned, the achieved
XPM phase-shift can be made equal to pi (ideally). This reverses the inter-
ference at the input ports for both incoming data channels after the loop
round-trip: it becomes destructive at the input port, and constructive at
the opposite port. As a result of this, the target channel is dropped at the
right input port, and the corresponding bit-slot is cleared in the OTDM
data signal. At the same time, the add-channel is completely switched to
the left input port of the NOLM, into the cleared bit-slot of the OTDM
signal. The control pulses are suppressed at the output of the circulators by
optical band-pass filters (BPFs). Hence, all steps of the TADM operation
are performed at once, in a single device and using one control signal. In
the following, we will refer to the NOLM as the simultaneous time-division
add-drop multiplexer (STADM) when it is used as a TADM according to
the above scheme.
There are a number of challenges which must be faced in the experi-
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52 Time-Division Add-Drop Multiplexing in a NOLM
mental implementation of this principle, since the description above refers
to an ideal situation. For example, the switching in a NOLM relies on
interference, which in theory allows for an infinite suppression ratio. How-
ever, this will be limited in a real experiment for a number of reasons, for
example the limitation on the control pulse width due to the presence of
the neighbour data pulses which must not be switched. These, and other
issues, will be discussed in more detail after the experiments, in section 3.5.
3.2 Demonstration at 80 Gbit/s
This was the first experimental test of the principle. Error-free performance
was obtained for all data channels, which confirmed that TADM based on
this scheme is possible.
3.2.1 Experimental set-up
The experimental set-up is shown in Figure 3.2. Note that circulators,
as used in Figure 3.1, were not available for this experiment. They were
therefore replaced by an equivalent solution consisting 3 dB couplers with
isolators, even though this construction results in a higher loss of optical
power. The set-up contains two pulse sources, a 10 GHz erbium glass oscil-
lating pulse generating laser (ERGO-PGL), emitting 1.8 ps FWHM pulses
at λdata = 1557.6 nm for the data signals, and a 10 GHz tunable mode-
locked laser (TMLL) emitting 2 ps FWHM pulses at λctrl = 1543 nm for
the control pulses. The pulses from the ERGO-PGL are data-modulated
at 10 Gbit/s by on-off keying (OOK) with a 27 − 1 pseudo random bit
sequence (PRBS) data pattern, by using a Mach-Zender LiNbO3 modula-
tor. A 10 GHz synthesiser synchronises the two pulse sources, the data-
pattern generator, and the 10 Gbit/s pre-amplified receiver (pre-amp Rx).
The timing jitter of the pulse sources, when synchronised by the 10 GHz
synthesiser, becomes < 200 fs for the ERGO-PGL, but as high as ∼ 500 fs
for the TMLL (values obtained by integration of the single side band (SSB)
phase noise). The relatively high TMLL jitter ultimately limits the bit rate
to 80 Gbit/s in this experiment. The 10 Gbit/s data is split in two by a 3
dB coupler. The first output is multiplexed up to 80 Gbit/s by a passive
delay-line multiplexer (MUX), amplified, filtered by a 5 nm BPF, and then
injected into the STADM. The internal fibre delays in the MUX are built in
order to preserve the 27−1 PRBS property for the multiplexed OTDM data.
The other output of the coupler is used as the 10 Gbit/s add-channel input
i
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Figure 3.2: Experimental set-up for 80 Gbit/s TADM using a NOLM. (a) The data
transmitter of the 80 Gbit/s OTDM data and the 10 Gbit/s add-channel, and the control
pulse source (TMLL) for the STADM and the demultiplexer (DEMUX). These signals
are sent directly to the STADM and the DEMUX, shown in (b).
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54 Time-Division Add-Drop Multiplexing in a NOLM
to the STADM. A variable optical time-delay is adjusted to synchronise
the add-channel to the 10 GHz control pulses in the STADM. A variable
optical attenuator after the EDFA ensures that the added channel has the
same amplitude as the other channels in the 80 Gbit/s OTDM data after
the STADM. The HNLF used in the STADM is 400 m long, with a non-
linear coefficient of 10.5 W−1·km−1, a dispersion of -1.20 ps·nm−1·km−1
with a slope of 0.003 ps·nm−2·km−1 at 1550 nm. The control pulses for
the STADM are amplified to 22.4 dBm and filtered by a 3 nm BPF be-
fore entering the NOLM with a FWHM pulse width of 1.8 ps. They are
synchronised to the target channel by using the electrical phase-shifter ∆t
before the TMLL. The dropped channel is sent directly to the 10 Gbit/s
pre-amp Rx. The 80 Gbit/s OTDM data after the STADM is sent to an-
other NOLM with a 500 m HNLF for demultiplexing (DEMUX). Here, all
channels are demultiplexed and then detected by the 10 Gbit/s pre-amp Rx
in order to perform a bit error rate (BER) evaluation. The control pulses
for the DEMUX are also obtained from the TMLL, and a variable opti-
cal time-delay is used to demultiplex each channel in the incoming OTDM
data. The average data input powers and pulse widths (FWHM) at the
STADM are: 4.4 dBm and 1.8 ps for the 80 Gbit/s pulses, -3.8 dBm and
1.8 ps for the add-channel pulses. The spectra and autocorrelations of the
pulses at the STADM are shown in Figure 3.3, (a) and (b). Note that the
since the pulses are very narrow, they will be broadened by relatively small
amounts of dispersion. This makes it necessary to insert small pieces of
dispersion-compensating fibre (DCF) (or sometimes SMF) at various posi-
tions in the set-up, in order to control the pulse width at the most important
locations. These locations are primarily the optical switches such as the
NOLMs, where the performance depends on the relative pulse widths.
3.2.2 Results
The experiment results in error-free performance for all data-channels. Eye
diagrams are shown in Figure 3.3 (c). The eye diagrams of the 80 Gbit/s
OTDM data are detected at the STADM output, after the 5 nm BPF. When
the STADM control pulses are turned off, the entire 80 Gbit/s data signal is
reflected from the NOLM through this BPF, as shown earlier in Figure 3.1.
There is no add-drop multiplexing, and hence this situation is referred to
as ’w/o add-drop’ in the figures (80 Gbit/s w/o add-drop). When the
control pulses are turned on and synchronised to the target channel, this
channel is transmitted by the NOLM, and the rest of the OTDM signal
is reflected from the NOLM with a cleared bit-slot, as can be seen in the
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(a) Spectrum at input to HNLF in STADM (b) Autocorrelations at input to STADM
(c) Eye diagrams after STADM
80 Gbit/s w/o add 80 Gbit/s w add-drop 10 Gbit/s dropped channel
(d) BER curves (e) Sensitivities of all demultiplexed
10 Gbit/s channels
target ch added ch
Figure 3.3: Results of the 80 Gbit/s STADM experiment. (a) Optical spectrum at the
input to the HNLF in the STADM, showing the control and data signals, (b) autocor-
relations of control and data pulses at the input to the STADM, (c) Eye diagrams of
the reflected 80 Gbit/s OTDM data (taken after the 5 nm BPF) and of the 10 Gbit/s
dropped channel in the situation ’w add-drop’ (taken after the 1 nm BPF), (d) BER
curves, (e) Sensitivities of all 8 channels both with and without add-drop operation.
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eye-diagram (80 Gbit/s w/o add). There is no add-operation yet since
the add-channel is turned off, which is why this situation is referred to as
’w/o add’, leaving only the drop-operation active. When the add-channel
is turned on and synchronised to the control pulses, it is transmitted by
the NOLM with the correct timing into the cleared bit slot, as seen in
the eye-diagram (80 Gbit/s w add-drop). This situation is the full add-
drop operation of the STADM, and is referred to as ’w add-drop’. The
dropped channel eye diagram for this situation is also shown in Figure 3.3
(c), right. The dropped channel overlaps in time with residual non-switched
light from the add-channel. The corresponding intra-channel suppression
ratio (c.f. Figure 2.7) is measured to ∼17 dB (with a powermeter after
the 1 nm BPF). This results in a certain amount of interferometric cross-
talk (IXT) that deteriorates the BER-performance of the dropped channel,
both in terms of sensitivity and slope of the BER-curve (the sensitivity is
the required power into the receiver for a BER≤ 10−9). The IXT is also
apparent as amplitude noise in the dropped channel eye in Figure 3.3 (c).
The BER-curve is shown in Figure 3.3 (d), together with the corresponding
BER-curve obtained when the add-channel is off. There is a difference of
∼2.8 dB between the sensitivities, which is mainly attributed to the limited
suppression ratio and the resulting IXT.
The added channel in the 80 Gbit/s output data also experiences IXT
due to the overlapping non-switched light from the target channel. It was
not possible to measure the intra-channel suppression ratio in this case, but
a figure similar to the dropped channel (∼17 dB) is expected due to the
symmetry of the STADM mechanism. This figure is beyond the measurable
dynamic range by the sampling oscilloscope, and the eye diagram with the
cleared bit slot in Figure 3.3 (c) shows little or no trace of unsuppressed
light from the target channel. BER curves are shown for the added and
target channel in Figure 3.3 (d). The added channel suffers a penalty of
∼ 2.4 dB compared to the target channel.
In order to perform a complete comparison between the situations with
and without add-drop operation, the remaining channels are demultiplexed
and their sensitivities are measured in both cases. The result is shown in
Figure 3.3 (e). It can be seen that the STADM has introduced penalties
up to 1.3 dB on the neighbouring channels to the added channel (ch ID 4).
Some influence on the immediate neighbours (IDs 3 and 5) can be expected
due to e.g. a STADM switching window that overlaps into the respective
bit slots. However, the penalties observed on channels 1 and 2 are unex-
pected, but might be due to either a drift away from an optimised system
i
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setting, and/or also to a lack of precision when evaluating the sensitivity.
This precision is larger in the case of the neighbour channels where only
a few received power values around BER= 10−9 are recorded, instead of
measuring complete BER curves. Indeed, the sensitivity is determined by
making a linear fit to the recorded BER data, and then measuring the
power value where the fit crosses BER= 10−9.
3.2.3 Conclusions
A complete system characterisation was performed of the 80 Gbit/s STADM
device, and error-free performance was obtained for all channels. Overall,
the STADM introduced moderate penalties below ∼ 3 dB. This experi-
mental validation of the STADM principle encouraged a test at higher bit
rates, since the device is based on the ultrafast Kerr effect. However, the
limiting factor on the bit rate in this experiment was the high timing jitter
of ∼ 500 fs of the control pulse source (TMLL). This is too high to ob-
tain an acceptable performance at 160 Gbit/s with the narrow pulses used
in this experiment. In the following section, a second ERGO-PGL source
with a timing jitter < 200 fs is used for control pulses, and STADM is
demonstrated at 160 Gbit/s and 320 Gbit/s.
3.3 Demonstration at 160 Gbit/s and 320 Gbit/s
This section describes the experimental demonstration of STADM at bit
rates up to 320 Gbit/s. A complete system characterisation is performed
both at 160 Gbit/s and 320 Gbit/s, under almost identical conditions for
both bit rates. Error-free performance is obtained for all channels. These
measurements show that the penalties introduced by the STADM can be
very low, and in particular, that the add-operation can be close to penalty-
free.
3.3.1 Experimental set-up
The experimental set-up is shown in Figure 3.4. It is very similar to the
case of the previous 80 Gbit/s demonstration, and a detailed explanation
is therefore omitted here. However, a number of improvements have been
made which enable the higher working bit rate, and these are explained in
the following.
The control pulse source is a wavelength-tunable 10 GHz ERGO-PGL,
tuned to λctrl = 1544 nm. As for the STADM, circulators are used to sepa-
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Figure 3.4: Experimental set-up for the 160 Gbit/s and 320 Gbit/s STADM experiment.
The transmitter of data and control pulses is shown in (a). The signals generated here
are sent directly to the STADM and demultiplexer (DEMUX) shown in (b). The inset
in (a) shows autocorrelations taken at the input to the HNLF in the STADM.
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rate in- and out-going signals at the NOLM output ports (as in Figure 3.1).
Furthermore, an additional 3 dB coupler was incorporated after the HNLF
to loss-balance the loop. This was in order to prevent a small degree of self-
switching of the input data signals by the NOLM, that might occur due
to self phase modulation (SPM) when the counter-propagating data pulses
enter the HNLF with different peak powers [24]. However, it was not at-
tempted to characterise any effect of this additional coupler, besides the
extra 3 dB loss that it introduces to the STADM. The pulse source wave-
lengths and HNLF zero-dispersion wavelengths λ0 are chosen in order to
minimise the walk-off between control and data-signals. As explained in sec-
tion 2.1.5, zero walk-off is obtained when λctrl and λdata are symmetrically
placed around λ0, resulting in identical group-velocity delays after propa-
gation through the HNLF [30]. In this situation, the switching window is
basically determined by the temporal profile of the control pulse. On the
other hand, a small amount of walk-off would (ideally) generate a flat-top
switching window, with a flat-top comparable to the amount of walk-off [32].
Such a switching window is preferable in the context of TADM, since it can
result in a higher suppression ratio. In this thesis, however, the method of
zero walk-off is preferred over the walk-off solution for a number of practical
reasons which are discussed in section 3.5.3. The HNLF in the STADM has
a length of 100 m, λ0 = 1554 nm, a dispersion slope of 0.018 ps/(nm2 · km)
and nonlinear coefficient γ = 10.5 W−1km−1 at 1550 nm. The HNLF
in the NOLM used for demultiplexing has a length of 200 m and similar
characteristics: λ0 = 1552 nm, dispersion slope 0.018 ps/(nm2 · km) and
γ = 10.5 W−1km−1 at 1550 nm.
The control pulses are amplified to 26 dBm, filtered by a 3 nm BPF,
and then coupled into the STADM where they have a FWHM pulse width
of 2.6 ps at the input to the HNLF. The FWHM of the data pulses at
the STADM input is 1.6 ps, both for the 160/320 Gbit/s OTDM data and
the 10 Gbit/s add-channel. Autocorrelations are shown in the inset in
Figure 3.4 (a). The average input powers are -5.8 dBm for the add-channel
and 6.9 dBm and 9.8 dBm for the 160 Gbit/s and 320 Gbit/s OTDM
data, respectively. Note that the OTDM power is increased by 3 dB when
doubling the OTDM bit rate from 160 Gbit/s to 320 Gbit/s. This results in
the same OTDM data-pulse peak power, and allows the same add-channel
input power to be used at both bit rates.
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Figure 3.5: Eye diagrams detected at drop-port in the case of 160 Gbit/s STADM. The
drop-port is after the 1 nm BPF in the STADM. The eyes show the dropped channel
in three situations: when the add-channel is turned off (left), when the add-channel is
turned on but not synchronised to the control pulse (middle), and when the add-channel is
synchronised to the control pulse resulting in its suppression ’below’ the dropped channel
(right).
3.3.2 Results
Error-free performance is obtained for all channels. This is illustrated by
eye diagrams and cross-correlations in Figures 3.5 and 3.6, and the BER
measurements are shown in Figure 3.7.
Figure 3.5 shows eye-diagrams of the 10 Gbit/s dropped channel de-
tected at the drop-port (after the 1 nm BPF in the STADM), in the case
of 160 Gbit/s STADM. When the add-channel is off, the target channel is
dropped with a clear and open eye diagram (left). When the add-channel
is turned on, but not synchronised with the control signal, it receives no
XPM in the HNLF and is therefore reflected by the STADM (middle eye-
diagram). The variable optical time-delay is then adjusted to synchronise
the add-channel with the control signal, which is equivalent to synchro-
nising it with the dropped channel at the drop-port (right eye-diagram).
This results in the suppression at this location of the add-channel, which
is instead switched into the target bit slot at the opposite STADM out-
put port. Figure 3.6 shows 160 Gbit/s eye diagrams and 160/320 Gbit/s
cross-correlations detected at this location (after the 5 nm BPF). It can be
seen that the add-channel is switched into the vacated time-slot with the
correct timing and amplitude. The limited suppression ratio of the target
channel is revealed in the 160 Gbit/s cross-correlation. The corresponding
suppression ratio for the add-channel, measured at the drop port, yields
a value of ∼ 14 dB. Notice also that the resulting IXT for the dropped
channel can be seen as amplitude noise in the rightmost eye diagram in
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Figure 3.6: Eye diagrams of the 160 Gbit/s OTDM signal and cross-correlations of the
160 Gbit/s and 320 Gbit/s OTDM signals, all measured at the output of the STADM
(after the 5 nm BPF). Note that all cross-correlation graphs share the same scale on both
the y- and x-axis.
Figure 3.5.
The BER curves for the dropped channel are shown in Figure 3.7 (a).
In the case of 160 Gbit/s STADM, it can be seen that the simultaneous
add-operation is responsible for a 1.6 dB penalty, obtained by measur-
ing the dropped channel sensitivity with the add-channel on and off. The
corresponding penalty in the case of 320 Gbit/s STADM is almost negli-
gible. However, this is attributed to drifts in the system, since a similar
penalty should be expected here. More specifically, due to the smaller bit
slot of ∼ 3.1 ps at 320 Gbit/s, and the relatively large data pulse width
of 1.6 ps, the OTDM channels are more sensitive to small drifts of the
delays in the multiplexing stages. For example, the sensitivity of a de-
multiplexed OTDM channel will temporarily deteriorate if there is a slight
overlap with a neighbour channel, due to a MUX misalignment originating
from e.g. temperature fluctuations. On the other hand, the sensitivity can
temporarily improve if the misalignment leads to a larger delay towards the
neighbour pulses.
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The BER curves for the demultiplexed added- and target channels in
Figure 3.7 (b) show that there is negligible penalty from the add-operation.
At 160 Gbit/s, the sensitivity of the demultiplexed added channel is de-
graded by only 0.3 dB compared to the target channel. In the 320 Gbit/s
case, the sensitivity of the added channel appears to be even slightly better
than the target channel, with a negative ∼ −0.2 dB penalty. It should
be noted that the measurement uncertainty (and drifts, see above) does
not allow the sensitivity to be determined with a precision at the level of
this penalty. In spite of the limited measurement precision, the experi-
ments clearly show that the added channel can be detected with negligible
penalty compared to the target channel. An important question is why the
added channel does not suffer a penalty similar to the dropped channel,
since they should experience the same level of intra-channel IXT. As will
be discussed in more detail in section 3.5, it is believed that this is mainly
due to the NOLM demultiplexing, where the switching window can be fa-
vorably aligned compared to an asymmetric temporal distribution of the
suppressed target channel light within the bit slot of the added channel.
A complete characterisation in terms of the sensitivities of all demul-
tiplexed channels is shown in Figure 3.7 (c). No substantial penalties on
the neighbours nearest to the added channel are observed. The average
sensitivity is the same (within the standard deviation) for the OTDM data
channels with and without add-drop operation. At 160 Gbit/s, this average
sensitivity is -36.7 dBm, and at 320 Gbit/s it is -35.4 dBm (a difference
of 1.3 dB). This shows that the STADM does not deteriorate the OTDM
data signal as a whole. At 320 Gbit/s there is a larger spread of the mea-
sured sensitivities. This is due to the relatively large data pulse width
compared to the 320 Gbit/s time slot, which makes the BER performance
of each OTDM channel more sensitive to small multiplexer misalignments
(as discussed above).
3.3.3 Conclusions
These results demonstrate that the STADM can operate successfully at bit
rates up to 320 Gbit/s, with error-free performance for all channels. The
dropped channel suffers a penalty of maximum 1.6 dB, whereas the added
channel has negligible penalty from the add-drop operation. The remaining
channels are practically unaffected by the STADM, and the average channel
sensitivity remains the same.
In the following section, the series of experiments with the STADM is
finalised with a demonstration at the highest OTDM bit rate yet reported
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Figure 3.7: BER results for the 160 Gbit/s and 320 Gbit/s STADM experiments.
(a) BER curves for the dropped channel from both experiments. (b) BER curves for
the demultiplexed target- and added channel from both experiments. (c) Sensitivities
of all demultiplexed OTDM channels, both with and without add-drop operation (left:
160 Gbit/s experiment, right: 320 Gbit/s experiment).
of 640 Gbit/s.
3.4 Demonstration at 640 Gbit/s
In this section, TADM is performed at 640 Gbit/s using the STADM. Error-
free performance is obtained both for the dropped and added channels, as
well as the nearest neighbour channels.
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64 Time-Division Add-Drop Multiplexing in a NOLM
3.4.1 Experimental set-up
The experimental set-up is quite similar to the previous experiments, and
the following description only focuses on the parts that are different. The
set-up is shown in Figure 3.8.
When going to 640 Gbit/s, the timing jitter needs to be very low (c.f.
section 2.1.5). Indeed, a numerical study has shown that the jitter has to be
less than∼ 128 fs to enable error-free NOLM demultiplexing [33]. When the
ERGO-PGLs are synchronised by the available electrical synthesiser as in
the 160/320 Gbit/s STADM experiment, their SSB-integrated timing jitter
is ∼ 200 fs. This value therefore needs to be further reduced for 640 Gbit/s
applications. To achieve this, the electrical synthesiser is removed from the
set-up and instead, the 10 GHz optical pulses from the freely oscillating
data ERGO-PGL at λdata = 1557.6 nm is used to generate a 10 GHz elec-
trical clock with even lower jitter. The timing jitter of the 10 GHz optical
pulses from the freely running ERGO-PGL is < 100 fs. This pulse train
(FWHM ∼ 2 ps) is detected by a low-bandwidth photodiode, electrically
amplified and bandpass filtered, resulting in a 10 GHz sinusoidal electrical
clock. This clock is then used to synchronise the other ERGO-PGL (the
control pulse source), with the result that the jitter of this pulse source
is also substantially reduced to ∼ 100 fs. The SSB measurements behind
these jitter values are not included in this work. The generated electrical
clock is also used to synchronise the 10 Gbit/s pattern generator (Tx), the
10 Gbit/s pre-amplified receiver (Rx), and the oscilloscope for eye-diagram
measurements etc.
The 10 GHz ERGO-PGL control pulse source emits 1.2 ps FWHM
pulses at λctrl = 1542 nm. This FWHM is below the 640 Gbit/s bit slot du-
ration of ∼ 1.56 ps, and it was therefore decided to use these pulses directly
as control pulses in the NOLMs, without any preceding compression stage.
This simplifies the set-up since an additional control pulse compressor can
be avoided. However, optical bandpass filtering with broad-bandwidth
BPFs becomes necessary in order to maintain this narrow pulse width. The
available BPFs for filtering away amplified spontaneous emission (ASE)
from the control pulses after amplification had 3-dB bandwidths of 5 nm
and 13 nm. Since a 5 nm BPF broadened the pulse FWHM too much
for 640 Gbit/s demultiplexing, it was necessary to use the 13 nm BPFs
which are quite broad compared to the 3 dB bandwidth of the ERGO-PGL
source pulses which is ∼ 3 nm. This had the disadvantage of introducing
some ASE noise from the control EDFAs into the region of the data spec-
trum. This is visible as a wide ’pedestal’ on the long-wavelength side of
i
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3.4 Demonstration at 640 Gbit/s 65
Figure 3.8: Experimental set-up for the 640 Gbit/s STADM experiment. (a) Data
transmitter of the 640 Gbit/s OTDM signal and the 10 Gbit/s add-channel, (b) control
pulse generation for the STADM and demultiplexer (DEMUX). The signals generated in
(a) and (b) are sent directly to the STADM and DEMUX set-up shown in (c).
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66 Time-Division Add-Drop Multiplexing in a NOLM
the control spectrum shown in Figure 3.9, and this ASE noise in the data
signal ultimately results in a slightly worse sensitivity of the demultiplexed
channels.
The data pulses from the 1557 nm ERGO-PGL are compressed by the
technique of SPM-chirping and filtering (see section 2.3.3) in a 400 m
dispersion-flattened highly non-linear fibre (DF-HNLF) characterised by:
nonlinear coefficient γ = 10.5 W−1km−1, dispersion −1.2 ps/(nm ·km) and
dispersion slope 0.003 ps/(nm2 ·km) at 1550 nm. The compressor is placed
after the first two MUX stages in order to obtain a more equal pulse width
for all the OTDM channels. Indeed, the different channels in a multiplexed
OTDM signal will have slightly different pulse widths because they follow
different paths inside the MUX. The largest path length difference between
channels in a 27− 1 PRBS maintaining, 10→ 640 Gbit/s MUX is ∼ 2.5 m,
which mainly comes from the contribution of ∼ 1.9 m from the first two
stages. By placing the compressor after this point, the residual path length
difference in the remaining MUX stages up to 640 Gbit/s is reduced to
∼ 0.6 m, which should result in a more equal pulse width for all OTDM
channels. It was not attempted to evaluate any difference in the OTDM
pulse widths, but it appears to be insignificant in these experiments. The
10 Gbit/s add-channel is compressed with the same technique as the OTDM
signal, in a 500 m DF-HNLF with the same characteristics. The compres-
sion results in FWHM pulse widths of 890 fs for the 640 Gbit/s data and
510 fs for the 10 Gbit/s add-channel, measured at the HNLF input in the
STADM. The FWHM of the 640 Gbit/s pulses is slightly larger at this point
since it has been filtered once by the 13 nm BPF in the STADM, while this
is not the case for the add-channel. The control pulse FWHM width is
1.24 ps (see autocorrelations in Figure 3.9). The average optical powers
at the input to the HNLF in the STADM are: 16.2 dBm for the 10 GHz
control signal, 6.5 dBm for the 640 Gbit/s OTDM data, and -9.2 dBm for
the 10 Gbit/s add-channel.
The HNLF used in the STADM has a length of 50 m, γ = 10.5 W−1km−1,
zero-dispersion wavelength λ0 = 1551.8 nm and a dispersion slope of 0.018
ps/(nm2 · km) at 1550 nm. The HNLF in the NOLM (DEMUX) has a
length of 30 m, γ = 10.5 W−1km−1, λ0 ∼ 1549 nm and a dispersion slope
of 0.018 ps/(nm2 · km) at 1550 nm.
3.4.2 Results
Error-free STADM operation is obtained at 640 Gbit/s. The BER mea-
surements are shown later. First, the inter- and intra channel suppression
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Figure 3.9: Spectrum and autocorrelations at the input to the HNLF in the STADM
in the 640 Gbit/s TADM experiment.
ratios are estimated by the spectra in Figure 3.10 (a), detected at the drop
port after the 1 nm BPF. The top graph shows the dropped channel spec-
trum (ctrl on) and the spectrum of the residual, transmitted 640 Gbit/s
data (ctrl off). The add-channel is turned off in both cases. The difference
between the integrated spectra is 17.2 dB, which is a measure of the inter-
channel suppression ratio for the dropped channel (c.f Figure 2.7). Note
that the ratio between the minimum and maximum transmitted power by
the NOLM (by adjusting the internal polarisation controller, with ctrl off),
is of the order 30-35 dB for the 640 Gbit/s data. The lower graph shows
the spectra of the reflected add-channel (ctrl off) and the suppressed add-
channel (ctrl on), which were obtained with no 640 Gbit/s data input to
the STADM. If these two spectra are integrated and subtracted, a ratio
of 13.3 dB is obtained. This gives an estimate of the intra-channel sup-
pression ratio in the dropped channel. This is estimate is relatively low,
and other measurements during the experiment showed that fine-tuning of
time-delays and filters etc. could lead to an add-channel suppression of
nearly ∼ 17 dB. A high suppression ratio is crucial for a successful op-
eration of the STADM, since IXT due to unsuppressed light deteriorates
both the added and dropped channels. In section 3.5, it will be discussed
how this suppression ratio can be improved, e.g. by using flat-top control
pulses.
In spite of the limited add-channel suppression, the dropped channel
is error-free with a sensitivity of -31.3 dBm, as shown in Figure 3.10 (b).
There is a penalty of 4.4 dB compared to when the add-channel is off (sen-
sitivity -35.7 dBm). The corresponding 10 Gbit/s electrical eye diagrams
received by the error-detector are shown in Figure 3.10 (c).
Cross-correlations of the 640 Gbit/s output of the STADM are shown in
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Figure 3.10: Results for the dropped channel: (a) spectra illustrating the inter-channel
(top) and intra-channel suppression ratios (bottom), (b) BER curves, (c) Electrical eye-
diagrams of the dropped channel (inverted).
Figure 3.11 (a). It can be seen that the added channel is switched into the
cleared bit slot with the correct amplitude and timing. The BER curves
in Figure 3.11 (b) show that the demultiplexed added channel is error-free
with a sensitivity of -33.0 dBm. This is actually an improvement of 1.2 dB
(negative penalty) compared to the target channel sensitivity of -31.8 dBm.
The neighbour channels, however, experience a deterioration due to the
add-drop operation, as seen in Figure 3.11 (c). We expect this behaviour
to be caused by the relatively large control pulse FWHM of 1.24 ps in
the STADM. A control pulse that is relatively wide compared to the bit
slot (1.56 ps) is expected to suppress a part of the tails (and any residual
pedestal) of the neighbours to the target channel, leaving a wider bit slot
for the added-channel. Furthermore, the influence of unsuppressed target
channel light on the added channel can be reduced after demultiplexing
in the following NOLM (this is discussed in section 3.5). The sensitivities
were measured for totally 6 neighbour channels (Figure 3.11 (c)), which is
believed to be representative for all 64 channels. Although the penalties
on the nearest target channel neighbours are expected, the large penalty
observed on channel ID 2 is attributed to the measurement uncertainty and
drifts (c.f. discussion in section 3.3 on the influence of MUX misalignments).
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Figure 3.11: Results for the added channel: (a) cross-correlations of 640 Gbit/s data
taken after the STADM (the sampling pulse is ∼ 500 fs), (b) BER curves for the tar-
get/added channel, (c) Sensitivities of demultiplexed neighbour channels both with and
without add-drop operation.
3.4.3 Conclusion
Successful add-drop operation of the STADM has been demonstrated at
640 Gbit/s, since all relevant channels have error-free performance. It ap-
pears that the relatively broad control pulses used here improved the perfor-
mance of the added channel at the cost of the neighbour channels. Indeed,
the sensitivity of the added channel is improved by 1.2 dB compared to
the target channel. At the same time, a penalty is observed for the nearest
neighbour channels. A slight reduction of the control pulse width is ex-
pected to compensate these effects. Furthermore, a non-optimum filtering
of the control pulses in this experiment affected the observed penalties. An
optimised filtering will improve the BER performance and is expected to
bring the penalties closer the low values observed in the 160 and 320 Gbit/s
STADM experiments.
3.5 Discussion
The purpose of this section is to discuss the performance of the STADM
observed in the experiments as well as possibilities for further improve-
ment. In section 3.5.1, the origin of the low penalty on the added channel
is discussed, based on a numerical example. The suppression ratio of the
STADM is very decisive for the add-drop performance, and factors that in-
fluence this parameter are commented in section 3.5.2. In this context, the
shape of the control pulse is also very important. This topic is addressed in
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70 Time-Division Add-Drop Multiplexing in a NOLM
section 3.5.3, where a numerical study predicts that a substantial improve-
ment can be obtained by using flat-top control pulses for the STADM.
3.5.1 Origin of the low add-operation penalty
In the STADM experiments, a better performance is observed for the added
channel compared to the dropped channel, even though the symmetry of
the STADM operation should imply an equal deterioration, as a result of
interferometric cross-talk with unsuppressed drop- and add-channel light,
respectively. In most of the experiments, the added channel suffers almost
no penalty from the add-drop operation, while this is not the case for the
dropped channel (see e.g. Figure 3.7). This difference is believed to origi-
nate in the subsequent demultiplexing of the added channel before the BER
measurement, an operation which is not performed on the dropped chan-
nel. Indeed, a narrow switching window in the demultiplexer can select
the central part of the added channel, where the drop-channel is also the
most suppressed. As a result, the amount of light from the unsuppressed
drop-channel in this time-slot is further reduced after the demultiplexing of
the added channel. The amount of interferometric cross-talk (IXT) in the
demultiplexed added channel is therefore diminished, and the sensitivity
can be improved compared to the dropped channel. In the following, this
phenomenon is illustrated by using the simple NOLM model described in
section 2.1.2 to calculate the temporal shapes of the switched pulses. The
model is also used to quantify the improvement of the intra-channel sup-
pression ratio of the added channel. These calculations are based on the
parameters from the 320 Gbit/s STADM experiment in section 3.3.
Numerical example
A gaussian shape is assumed for all pulses, and the FWHM widths are as
used in the 320 Gbit/s STADM experiment (see section 3.3.1): 1.6 ps for
the data pulses (add-channel and 320 Gbit/s OTDM data), 2.6 ps for the
STADM control pulses, and 1.7 ps for the control pulses in the NOLM de-
multiplexer. The calculated pulse shapes are shown in Figure 3.12, where
the locations denoted above graphs (a), (b), (c) and (d) refer to the experi-
mental set-up shown in Figure 3.4 (b). The pulse shapes for the added and
dropped channel are computed by applying the transmittivity (T ) formula
given by eq. (2.31) to the add-channel and target channel, respectively.
The shapes of the suppressed target channel and suppressed add-channel
are computed by applying the reflectivity (R) formula given by eq. (2.32) to
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Figure 3.12: Calculated switching windows and pulses using the NOLM model, based on
the pulse widths from the 320 Gbit/s STADM experiment. The locations denoted above
the graphs refer to the set-up shown in Figure 3.4. (a) Input to the HNLF in the STADM:
The 320 Gbit/s data, control pulse and resulting switching window T . (b) STADM drop-
port (before the 1 nm BPF: The dropped channel, suppressed add-pulse, and transmitted
power from neighbour pulses to the target pulse (Log scale). (c) Input to the NOLM
demultiplexer: 320 Gbit/s data with added pulse, suppressed target pulse, demultiplexer
switching window (inversed). (d) Output of the NOLM demultiplexer (before the 1 nm
BPF: The demultiplexed added pulse, residual suppressed target pulse, and transmitted
power from neighbour pulses to the added pulse (Log scale). The calculation of the ISR
ratio for the dropped and added pulses is shown next to graphs (b) and (d), respectively.
the target channel and add-channel, respectively. A clockwise XPM phase-
shift of pi, corresponding to T = 1, is assumed for the control pulse peak.
The location of graph (a) is at the input to the HNLF in the STADM,
and shows the 320 Gbit/s pulses (with the target in the middle and two
neighbours), the control pulse and corresponding switching window. The
location of graph (b) is at the STADM drop-port (before the 1 nm BPF),
and shows the dropped channel (transmitted target channel) on top of the
suppressed add-channel and a small amount of transmitted light from the
neighbour channels to the target channel. Notice the logarithmic scale,
chosen in order to magnify the small power contributions from the neigh-
bours and the add-channel, leading to intra-channel IXT in the dropped
channel. Graph (c) is after the STADM, at the input to the NOLM de-
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multiplexer. It shows the 320 Gbit/s data with the added channel in the
middle, on top of the suppressed target channel which is in the shape of
two small pulses around the center of the time-slot. This shape arises be-
cause the STADM control pulses only induce an XPM phase-shift of pi at
the control peak. Consequently, the reflectivity is only R = 0 at the center
of the target pulse, but increases to values R > 0 towards the edges. A
160 Gbit/s cross-correlation from the experiment, shown in Figure 3.13,
indicates that the actual shape of the suppressed target pulse follows this
behaviour. However, the relative large sampling pulse width of ∼ 800 fs
makes it difficult to clearly resolve the suppressed pulse shape. Graph (c)
also shows the switching window (inversed) resulting from the 1.7 ps control
pulses. It is clearly seen how this narrow switching window selects the cen-
tral part of the added channel where the intensity of the suppressed target
channel is the smallest. The result of this demultiplexing is shown in graph
(d), showing the pulse shapes at the output of the NOLM demultiplexer,
before the 1 nm BPF. The demultiplexed added channel is shown on top
of a reduced suppressed target channel intensity, as well as an even smaller
contribution from transmitted neighbour channels (all plots are computed
by applying eq. (2.31) to the respective pulses in graph (c)). By comparing
graph (d) with graph (c), it is clearly seen that the intra-channel suppres-
sion ratio is larger for the demultiplexed added channel compared to the
dropped channel. Notice that the contribution from transmitted neighbour
channels is much larger for the dropped channel. This is primarily due to
the larger control pulses in the STADM, transmitting a part of the edges of
the neighbour pulses. At the same time, these pulse edges are suppressed
on the opposite side of the STADM, resulting in a ’wider’ time-slot for the
added channel. In this way, broader STADM control pulses can improve
the performance of the added channel at the cost of the dropped channel.
This effect is believed to be at the origin of the improved sensitivity of the
added channel compared to the target channel observed in the 640 Gbit/s
STADM experiment (Figure 3.11). The effect of the control pulse width on
the dropped channel is also illustrated later, in section 3.5.3.
The intra-channel suppression ratios (ISR) for the dropped and demul-
tiplexed added channel can be computed numerically by integrating the
various contributions in graphs (b) and (d), respectively, where the inte-
grated power values are shown to the right. For example, the intra-channel
suppression for the dropped channel is calculated as the ratio between the
integrated dropped power versus the sum of the integrated suppressed add-
channel and transmitted neighbour channels. The result is 7.78 dB for the
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Figure 3.13: 160 Gbit/s cross-correlation from the 160/320 Gbit/s STADM experiment,
showing the suppressed target channel surrounded by the nearest neighbours. This trace
is obtained at the input to the NOLM demultiplexer in Figure 3.4 (b). A residual double-
pulse profile as predicted in Figure 3.12 (c) is hinted, in spite of the limited resolution
due to the sampling pulse width of ∼ 800 fs.
dropped channel, and 12.95 dB for the demultiplexed added channel. There
is a relatively significant difference of 5 dB in the intra-channel IXT. In
conclusion, it is believed that the effects illustrated here with the numeri-
cal model are the primary origins of the higher performance of the added
channel compared to the dropped channel, as observed in the experiments.
3.5.2 Suppression ratio
The suppression ratio observed in the experiments is larger than the value
predicted using the NOLM model from section 2.1.2. In the context of the
160/320 Gbit/s STADM experiment, for example, this difference is up to
∼ 5 dB (see below). In this section, we discuss some experimental factors
that affect the suppression ratio, and which are believed to be at the origin
of this difference. These are the control peak power, residual walk-off,
control pulse broadening, and spectral variations combined with filtering.
Control peak power and switching window
The add-channel suppression ratio measured in the 160/320 Gbit/s STADM
experiment was ∼ 14 dB (measured after the 1 nm BPF at the drop-port
in Figure 3.4) (b). The measured value is higher than the value of 8.3 dB
predicted by the NOLM model, for a control peak XPM phase-shift of
exactly pi. Notice that the predicted value of 8.3 dB is obtained by using the
parameters specified in section 3.5.1. However, this value can be improved
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a little if the control peak power is slightly increased in the model. This
results in a more flat switching window, where the suppression of the sides
of the pulse is improved at the cost of a slight reduction at the center. Thus,
a precise readjustment of the control peak power leads to an improvement
of the (total) add-pulse suppression by 1 dB to a maximum of 9.3 dB.
However, this does not account for the observed discrepancy of ∼ 5 dB.
We believe that the residual difference is due to the experimental artifacts
discussed in the following.
Residual walk-off
Even though the walk-off between control and data pulses is minimised by
placing the wavelengths symmetrically around the zero-dispersion wave-
length λ0 of the HNLF, there might still be a certain amount of residual
walk-off. The origin of this lies in the fabrication process, where it is diffi-
cult to maintain a constant dispersion profile along the drawn fibre. Even
throughout a short length of the order 50-100 m, there might be a variation
of λ0 up to a few nm. The values reported for the HNLFs used in the ex-
periments is the average λ0. The variation of λ0 across the HNLFs causes
a small amount of random walk-off, which can slightly alter the switching
window profile towards a flat-top shape. This can contribute to increasing
the observed suppression ratio, compared to the values computed above
where zero walk-off is assumed.
Control pulse broadening
Another factor that might contribute to increasing the suppression ratio
beyond the predicted value is the control pulse broadening throughout the
HNLF. In all experiments, the control pulse propagates in the region of neg-
ative dispersion of the HNLF. In the linear regime, the control pulse broad-
ening would be negligible due to the very low dispersion value. However,
the high peak power results in SPM which broadens the control spectrum.
As a consequence, the negative dispersion will cause a small broadening of
the temporal pulse during the propagation in the HNLF. This will enlarge
the switching window, hence contributing to increasing the suppression ra-
tio. Notice that we did not systematically characterise this effect, but the
broadening is usually quite small, and does not cause a detrimental overlap
with neighbour pulses.
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Spectral changes combined with filtering
A more complicated issue is the alteration of the optical spectrum of the
data pulse, as a result of the switching in the NOLM. A numerical study is
required to precisely determine this phenomenon. However, it is possible to
point a few effects that lead to a change in the spectrum of the suppressed
add-pulse compared to the original pulse.
Firstly, the temporal shape of the suppressed pulse is changed to a
small double-pulse, as predicted by the NOLM model. This can be seen in
graphs (b) and (c) in Figure 3.12. The temporal double-pulse shape leads
to a change in the spectral domain, where the original (gaussian) spectrum
is replaced by a spectrum with two sharp dips around the carrier frequency
(not shown).
Secondly, the effect of non-linear polarisation rotation (NPR) explained
in section 2.2.2 can lead to spectral changes for the suppressed pulse. The
NPR is intensity-dependent and leads to a different polarisation-evolution
for different parts of the control pulse. Furthermore, the residual walk-
off and birefringence of the fibre will also affect the relative polarisation
states of the control and data pulses via NPR. In the worst case, these
various effects can lead to a complicated XPM-induced chirping of the data
pulse which acquires a multipeak spectrum at the output of the non-linear
fibre [52]. This phenomenon is also expected to play a small role in the
simultaneous time-division add-drop multiplexer (STADM) experiments,
by affecting the spectrum of the suppressed pulse at the output of the
NOLM.
Indeed, such alterations in the spectrum of the suppressed pulse were
also observed in the experiments. The spectrum exhibited an uneven struc-
ture, where some parts were more suppressed than others (these spectra
were not recorded). The narrow 1 nm BPF was tuned to select such a
region of the spectrum, resulting in a larger suppression after the filter,
compared to before the filter. In particular, this method helped to improve
the performance of the dropped-channel, since a precise tuning of the 1 nm
BPF led to a reduction of the IXT originating from the suppressed add-
channel.
Conclusion
The effects discussed above are believed to account for the larger suppres-
sion ratio observed in the experiments, compared to the predicted value. In
the following section, it is predicted that the suppression ratio can be fur-
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ther improved by replacing the gaussian control pulses with flat-top control
pulses.
3.5.3 Control pulse shape
In this section, it is discussed how the control pulse shape influences the
suppression ratio in the NOLM. This suppression ratio can be optimised
by using broad gaussian control pulses (as in this thesis), or by introduc-
ing walk-off between control and data pulses. These two methods are only
discussed briefly. The main focus is on flat-top control pulses, which can
improve the suppression ratio considerably if they replace the gaussian con-
trol pulses used in this thesis. The extent of this improvement is predicted
numerically in the last part of this section.
Broad gaussian control pulses
In order to maximise the suppression, it is essential to achieve an equal
phase-shift across the entire temporal duration of the data pulse. Referring
to eq. (2.31), the entire pulse must ideally receive an XPM phase-shift of
∆Φ = pi in the NOLM in order to be completely transmitted (T = 1) at
one port, and completely suppressed (R = 1−T = 0) at the opposite port.
However, this ideal situation is difficult to realise in practice. In this thesis,
the suppression is maximised by broadening the gaussian control pulses as
much as possible compared to the data pulse. However, switching of neigh-
bour pulses must be avoided, which sets an upper limit for the control pulse
width. This limit is determined by a combination of the bit slot duration,
the data-pulse width, the timing jitter, as well as the residual walk-off and
pulse broadening (c.f. the discussion in section 3.5.2). For example, very
narrow data pulses may allow for a relatively large control pulse width,
even beyond the data time-slot. On the other hand, the upper limit deter-
mined solely by the time-slot and data-pulse width has to be decreased in
the presence of timing jitter, residual walk-off and pulse broadening.
Control-data walk-off
An alternative to broad gaussian control pulses is to deliberately introduce
walk-off between the control pulse and the data pulse [32]. In principle, this
allows to generate a flat-top switching window that covers the entire data-
pulse, thereby enabling a large suppression ratio. In this case, a relatively
short control pulse can be used. As above, switching of neighbor pulses
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must be avoided, and the same limiting factors apply to the allowable
size of the walk-off. Very narrow data-pulses slightly increase the walk-
off limit, whereas timing jitter decreases the limit, and so on. The walk-off
is determined by the relative group velocities of the data and control pulses,
which depend on the dispersion profile of the non-linear fibre in the NOLM.
In practice, the size of the walk-off is controlled by properly adjusting the
control and data wavelengths compared to the dispersion profile of the
available fibre.
This solution was not used for the TADM experiments in this thesis
due to practical limitations. Firstly, the limited tunability of the pulse
sources and the dispersion profiles of the available HNLFs were not suit-
able for using walk-off. All HNLFs were selected to have a zero-dispersion
wavelength centrally located at ∼ 1550 nm between the wavelengths of
the control and data pulse sources, in order to minimise the walk-off [30].
Secondly, the control pulses for a walk-off generated flat-top switching win-
dow have to be further compressed compared to the situation with zero
walk-off, in order to avoid switching of neighbour pulses. Furthermore,
the walk-off has to be controlled with a precision below 1 ps at a bit rate
of 640 Gbit/s, which is relatively difficult. In addition, the walk-off will
require a higher control peak-power to generate the required XPM phase-
shift of ∆Φ = pi. Finally, the residual birefringence in a non-ideal fibre will
result in a different evolution of the control and data polarisation states
during the walk-off, as discussed in section 2.2.2. This can result in an
asymmetry in the switching window, depending on the magnitude of the
residual polarisation-mode dispersion (PMD) and the control-data wave-
length separation [57]. These various issues and requirements related to
walk-off indicate that this method is not the best choice for optimising the
suppression ratio. Instead, the method of matching the group velocities by
a symmetrical allocation around the zero-dispersion wavelength appears to
be the most practical. Indeed, the following calculations show that a high
suppression ratio can be obtained in this case by replacing the gaussian
control pulses with flat-top shaped control pulses.
Flat-top control pulses
A promising method to achieve a high suppression ratio with the STADM is
to use flat-top control pulses (in the situation with zero walk-off). Indeed,
the flat control-intensity profile will generate an XPM-phase shift that is
equal over the duration of the flat-top. In the following numerical exam-
ples, gaussian pulses are compared to flat-top super-gaussian pulses in the
i
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Figure 3.14: Control pulses (calculated) for 640 Gbit/s STADM, in the case of a data
pulse FWHM of 500 fs. The plot shows a normal gaussian, and two flat-top pulses:
a super-gaussian of order 2 and order 5. The NOLM switching window for the super-
gaussian of order 2 is also shown (inversed). All control pulse widths are optimised for a
maximum intra-channel suppression ratio of the dropped channel.
context of the STADM model used previously. The purpose is to investi-
gate the effect of the control pulse shape and width on the intra-channel
suppression ratio of the dropped channel (drop-ISR), by using the NOLM
model from section 2.1.2.
The parameters used in the computations are as follows. The bit slot
is 1.56 ps, corresponding to 640 Gbit/s. The data pulses are gaussian. The
control pulse shape is either a super-gaussian of order 1 (normal gaussian, as
in the experiments), order 2 (flat-top, rounded), or order 5 (flat-top, steep
edges). Examples of these pulse shapes can be seen in Figure 3.14. For
all control pulse shapes and widths, the peak power is adjusted to induce
an XPM phase-shift of pi in the clockwise direction of the NOLM. The
dropped (target) channel overlaps with the suppressed add-channel and a
small amount of transmitted light from the two nearest neighbours to the
target channel, as illustrated previously in Figure 3.12 (b). The drop-ISR
is defined here as the inverse ratio between the integrated dropped power
and the integrated residual power, which consists of the suppressed add-
pulse and the transmitted power from the two target channel neighbours.
The drop-ISR is calculated as a function of the control pulse FWHM, and
the results are shown in Figure 3.15, computed for three different data-
pulse FWHMs of 250 fs, 500 fs, and 870 fs (the same FWHM is used for
the OTDM data and the add-channel). There is also a small amount of
transmitted light from the remaining 61 channels due to the XPM by the
control signal on counter-propagating data pulses, as explained in section
2.1.2 (the counter-XPM effect). This is mainly a contribution to the inter -
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channel IXT, and is not included here. Each plot shows three sets of curves:
the drop-ISR (as explained above), the suppression of the add-channel, and
the relative amount of power of the neighbour pulses that is transmitted.
The dashed curves show the same plots, computed when the counter-XPM
effect is ignored.
The following conclusions can be drawn on the basis of the plots in
Figure 3.15. In all cases, there is an optimum control pulse width for
which the drop-ISR is minimised. This is more or less where the control
pulse width is sufficient to switch (drop) the target channel and suppress
the add-channel, while leaving the target neighbours largely unaffected.
The FWHM of 870 fs is the pulse width of the OTDM data input in the
640 Gbit/s experiment. From the corresponding graphs (a1), (a2), (a3),
it is apparent that the drop-ISR cannot be substantially improved by the
use of flat-top pulses. This is due to the relatively large data pulse-width,
and the 1.56 ps bit-slot does not leave room for a larger control FWHM
to compensate for this. Note also that the influence of the counter-XPM
effect is negligible. The value of 500 fs is approximately the smallest pulse
width achievable with the pulse compression scheme used in the 640 Gbit/s
experiments. In this case, the use of a flat-top super-gaussian of order 2
would increase the optimum drop-ISR by ∼ 8 dB: from -14 dB (b1) to
-22 dB (b2). A super-gaussian of order 5 would increase this value further
to -26 dB (b3), but such flat-top pulses would have a spectrum that is
too broad for practical use, since it would occupy a large part of the C-
band. Furthermore, they are probably too difficult to generate. The control
pulse shapes corresponding to the aforementioned situations are shown in
figure 3.14. Finally, the 250 fs FWHM value is chosen in order to illustrate
a situation with a very narrow data pulse compared to the bit slot. In this
case, the control FWHM can be made quite large compared to the data
FWHM. As a result, very large drop-ISR values can be achieved, but the
counter-XPM effect becomes the limiting factor as seen in graphs (c2) and
(c3). In graph (c3), a large drop-ISR > 30 dB is obtained for a control
FWHM of ∼ 0.8 ps. When the FWHM reaches ∼ 2.3 ps, the transmitted
neighbour light becomes the limiting factor. In between these limits, the
drop-ISR slowly deteriorates due to the growing control duty-cycle that
gradually increases the counter-XPM effect. It should be noted that a
data FWHM of 250 fs for 640 Gbit/s applications is not realistic, since the
FWHM is excessively small compared to the bit slot and would in principle
allow for multiplexing up to 1280 Gbit/s (time-slot: 780 fs) [59].
These simple calculations indicate that a substantial improvement of
i
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Figure 3.15: Calculated STADM suppression ratios at 640 Gbit/s for various control
pulse shapes (columns) and data pulse widths (rows), using the NOLM model in section
2.1.2. Equations (2.31) and (2.32) are used for the transmittivity T and reflectivity R,
respectively. Each plot shows the drop-ISR (black), the add-channel suppression (grey),
and the relative amount of switched power from the nearest target neighbours (red). The
definitions are given in the legend. The dashed curves show the same plots when the
counter-XPM effect is ignored.
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the 640 Gbit/s STADM performance can be obtained by using flat-top
pulses. This is primarily based on Figure 3.15 (b2), predicting a drop-ISR
up to 22 dB for pulse shapes which are achievable with the current status
of pulse generation in the laboratory. Indeed, the data pulse FWHM of
500 fs is possible with the current compression scheme, and short flat-top
pulses for 640 Gbit/s applications have also been demonstrated [88].
3.6 Conclusion
It has been shown that the NOLM can be used to perform simultaneous
time-division add-drop multiplexing (STADM). Indeed, the main advantage
of this scheme is its simplicity, since the entire TADM operation (add, clear,
and drop) is performed in the same device, and by a single control pulse
signal. This was demonstrated at a record-high bit rate of 640 Gbit/s
with error-free performance. Demonstrations were also carried out at 80,
160, and 320 Gbit/s. In general, the observed penalties are low, and in
particular, the add-operation can be performed without introducing any
penalty.
The performance of the STADM can be further improved by using flat-
top control pulses in order to increase the suppression ratio. This was
predicted by a numerical study. Other factors that influence the suppres-
sion ratio were also discussed, including the origin of the successful add-
operation. It should also be mentioned that techniques have been developed
to cancel the counter-propagating XPM effect in the NOLM (c.f. section
2.1.2).
Future work
A very stable operation should be obtainable by building a polarisation-
maintaining (PM)-version of the STADM (c.f. Chapter 6 on stability). At
the same, no deterioration of the switching performance is expected for
a PM-NOLM, compared to the standard NOLM used in these demonstra-
tions. Indeed, previous work [89] has shown e.g. that the passive extinction
ratio can reach the same high value as when a standard fiber is used (typ-
ically > 30 dB), simply by adding polarisers inside the loop.
It is therefore believed that the combination of a PM-based STADM
with flat-top control pulses will constitute a stable and compact fibre-based
solution with high performance for 640 Gbit/s TADM. It is left for future
work to test this configuration.
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Future work should also address the transmission properties of the
output signals from the STADM, since the switched channels can be af-
fected by chirping due to XPM. However, this effect is expected to become
negligible when flat-top pulses and a polarisation-maintaining highly non-
linear fibre (PM-HNLF) are used in the NOLM, c.f. the discussions on the
intensity-dependent NPR in a standard fibre and its consequences (sections
2.2.2 and 3.5.2).
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Chapter 4
The Non-Linear
Polarisation-Rotating Loop
In this chapter, the non-linear polarisation-rotating loop (NPRL) is intro-
duced and it is used to demonstrate time-division add-drop multiplexing
(TADM) at a bit rate of 640 Gbit/s. The working principle of the NPRL
is explained in section 4.1. The experimental demonstration of 640 Gbit/s
TADM is described in section 4.2. In section 4.3, the performance of the
NPRL is discussed, and strategies for further improvement are proposed.
Finally, the chapter is concluded in section 4.4.
4.1 Principle
The NPRL can be considered as an alternative to the well-known Kerr-
shutter [20, 79, 80] which rotates the polarisation of probe pulses based on
cross phase modulation (XPM) by high-intensity control pulses. In the
classical Kerr-shutter, the probe polarisation is adjusted to a linear state
at a 45◦ angle compared to the (linear) control polarisation. Since the
XPM effect is polarisation-dependent, the probe polarisation-components
parallel and perpendicular to the control signal will receive different phase-
shifts. This results in a rotation of the probe-polarisation, which ideally
can reach 90◦ if the control pulse peak power and the polarisations are
correctly adjusted. A rotated OTDM channel can thus be separated by the
remaining channels using a polariser after the non-linear medium.
The NPRL is a looped version of the Kerr shutter. A similar con-
struction has been used to make a polarisation-diversity four-wave mixing
(FWM)-switch [90,91], a polarisation-diversity Kerr-shutter [92], or a pola-
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risation-rotating mirror for stabilisation of a polarisation-maintaining (PM)
Kerr shutter [93]. It is possible that the application proposed here is the
same as the configuration insinuated in the discussion in [93]. The NPRL
is shown in Figure 4.1 (a), together with the set-up for 640 Gbit/s TADM
that will be described later. The polarisation diagrams Figure 4.1 (d) ex-
plain the working principle. The NPRL is formed by a loop connecting the
two outputs of a polarising beam splitter PBS1. The entire loop is built
from PM components, and both the clockwise (cw) and counter-clockwise
(ccw) propagating signals are polarised along the same axis (the slow axis).
The incoming 640 Gbit/s data signal polarisation is set to a linear state
at a 45◦ angle to the principal axis of PBS1 (top diagram in Figure 4.1
(d)). The 640 Gbit/s pulses are then split into equal and perpendicular
components, that will propagate in opposite directions in the loop, but
along the same (slow) axis. When both components have completed the
loop, they will recombine after PBS1 into a polarisation that is rotated by
90◦ (c.f. lowest diagram in Figure 4.1 (d)). This is simply due to the fact
the PM fibre forming the loop is twisted by 90◦, in order to couple both
outputs of PBS1 into the same axis. This passive operation of the loop
corresponds to a so-called polarisation-rotating mirror, which is equivalent
to a Faraday rotating mirror [93] (see also section 6.3). The active opera-
tion of the NPRL differs from previous switching applications of the PBS
loop via the fact that the high-intensity control pulses propagate only in
the cw direction. They are coupled into the same axis as the data sig-
nal, and are synchronised to the cw-propagating component of the target
base rate OTDM channel. The control power is adjusted so that an XPM
phase-shift of ideally pi is achieved. The oscillation of the target cw field is
thus delayed by half a period, and this results in an overall 180◦ rotation
of the recombined target channel polarisation at the output of PBS1, com-
pared to at the input (middle diagram in Figure 4.1 (d)). When leaving
the NPRL, the target polarisation is thus rotated by 90◦ compared to the
other channels (lowest diagram in Figure 4.1 (d)). Another polarising beam
splitter PBS2 can thus completely separate the target from the remaining
channels, making this switch suitable for TADM as will be demonstrated
in the following.
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Figure 4.1: Experimental set-up for 640 Gbit/s TADM based on a NPRL. (a) The
set-up for TADM, with the drop- and clear-operation using the NPRL (DROP), the add-
operation (ADD), followed by a NOLM for demultiplexing (DEMUX). (b) The trans-
mitter of the 640 Gbit/s OTDM data and the 10 Gbit/s add-channel. (c) Control pulse
generation for the NPRL and the NOLM. (d) The NPRL working principle explained
by polarisation diagrams. (e) Eye diagrams of the demultiplexed added channel and the
dropped channel (measured simultaneously).
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4.2 Time-division add-drop multiplexing at
640 Gbit/s
4.2.1 Experimental set-up
The experimental set-up is shown in Figure 4.1 (a), (b), and (c). The
NPRL is used to simultaneously drop the target channel and clear the
corresponding bit slot, as described above (section ’DROP’ in Figure 4.1
(a)), which is then followed by the add-operation (ADD). Note that this
sequence follows the ’traditional’ TADM architecture from Figure 2.7. The
input and output signals from PBS1 are separated using a circulator. The
polarisation controller PC1 sets the polarisation of the incoming 640 Gbit/s
data to a (linear) state at a 45◦ angle to the PBS1 axis, and PC2 adjusts
the polarisation of the output data such that the target and remaining
channels are clearly separated by PBS2. The add-channel is passively cou-
pled into the cleared bit-slot after PBS2 via a 3 dB coupler (ADD). In the
ADD-section, the polarisation controllers align both the added channel and
OTDM signal polarisations to pass through the following polariser. This
ensures that the added channel is in the same polarisation state as the
remaining OTDM channels after the TADM. Before the 640 Gbit/s data
is sent into the NOLM demultiplexer, the 13 nm BPF after the polariser
removes a small amount of residual NPRL control light not suppressed by
the 15 nm BPF.
The transmitter for the 640 Gbit/s OTDM data and 10 Gbit/s add-
channel is shown in Figure 4.1 (b). It is the same as in the 640 Gbit/s
STADM experiment described in section 3.4, where more details can be
found. A cross-correlation of the 640 Gbit/s data output from the trans-
mitter, showing all 64 channels, can be seen in Figure 4.2 (a). The control
pulses for switching are generated as shown in Figure 4.1 (c). The pulses
from the 10 GHz erbium glass oscillating pulse generating laser (ERGO-
PGL) at λctrl = 1542 nm are compressed using supercontinuum generation
in a 200 m dispersion-flattened highly non-linear fibre (DF-HNLF), which
is the same technique as the one used for the data pulses (see description
in section 2.3.3). The generated supercontinuum is filtered with a broad
13 nm BPF, resulting in a broad spectrum that can be used to obtain two
control signals at different wavelengths of 1535 nm and 1540 nm. These
are selected by filtering the 13 nm wide spectrum separately with 5 nm
BPFs, after the high-power EDFA amplification preceding the switches.
The control wavelengths are chosen in order to achieve a more symmetrical
allocation of the control and data wavelengths around the zero-dispersions
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Figure 4.2: Measurements from the 640 Gbit/s TADM experiment with the NPRL.
(a) Cross-correlation of the 640 Gbit/s OTDM data output of the data transmitter. (b)
Autocorrelations of the 640 Gbit/s data and control pulse (at the PM-HNLF input in the
NPRL) and the 10 Gbit/s add-channel (at the ADD-section). (c) Spectra of 640 Gbit/s
data and control pulses at the PM-HNLF input, and of the 640 Gbit/s data and add-
channel at the input to the DEMUX. (d) Cross-correlations of the OTDM signal taken
after the ADD-section in the set-up.
of the respective non-linear fibres in the NPRL and NOLM (DEMUX),
thereby minimising the control-data walk-off.
The non-linear medium in the NPRL is a 94 m elliptical core polarisation-
maintaining highly non-linear fibre (PM-HNLF) [94] with the following pa-
rameters (at 1550 nm): dispersion 0.13 ps/(nm · km) (λ0 = 1545 nm), dis-
persion slope 0.027 ps/(nm2 · km), polarisation extinction ratio 24 dB, loss
0.85 dB (including spliced Panda PM pigtails), beat length 4.1 mm, effec-
tive core area 12.5 µm2, and the non-linear coefficient is γ ∼ 10 W−1km−1.
The control pulses for the NPRL are amplified to 22.1 dBm, filtered with
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88 The Non-Linear Polarisation-Rotating Loop
a 5 nm BPF at 1535 nm, and sent into the cw direction of the NPRL via a
3 dB PM-coupler. After the PM-HNLF, the control pulses are suppressed
by a 15 nm PM-BPF centered at the data wavelength λdata = 1561 nm.
The autocorrelations and spectra of data and control signals at the in-
put to the PM-HNLF are shown in Figure 4.2 (b) and (c), respectively.
The FWHM pulse width is 1.1 ps for the 10 GHz control signal, and
530 fs for the 640 Gbit/s data. The autocorrelation and spectrum of
the added channel after the add-operation (ADD) is also shown. The
HNLF in the NOLM (DEMUX) has the following parameters: length 50 m,
γ = 10.5 W−1km−1, zero-dispersion wavelength λ0 = 1551.8 nm and dis-
persion slope 0.018 ps/(nm2 · km) at 1550 nm.
4.2.2 Results
The results demonstrate that the NPRL can be used to successfully achieve
TADM at 640 Gbit/s. Cross-correlations of the 640 Gbit/s data, taken
after the ADD-section of the set-up, are shown in Figure 4.2 (d). When
the add-channel is off, a well-cleared bit slot is observed. The eye-diagram
of the dropped channel can be seen in Figure 4.1 (e), together with the
simultaneously recorded added channel (after demultiplexing). Both eyes
are clear and open, indicating that the drop- and clear-operations can be
performed simultaneously using the NPRL. Whether a perfect 90◦ rotation
is achieved needs to be clarified by a more thorough characterisation, which
is left for future work.
The BER curves of the added/target channel are shown in Figure 4.3
(b). The sensitivity of the added channel is degraded by only 1.1 dB
compared to the target channel. The right neighbour channel suffers no
substantial penalty due to the add-drop operation, as can be seen in Fig-
ure 4.3 (c). However, there is an add-drop penalty of 2.3 dB on the left
neighbour channel (a), which is mainly attributed to a trailing pedestal
of the add-channel, one that is not present on the leading (right) side of
the pulse. Indeed, the BER deterioration on the left channel was only
observed when the add-channel was turned on and placed in the cleared
bit slot. No particular penalty on the neighbour channels due the NPRL
switching itself is expected (as observed for the right neighbour channel),
but this was not precisely measured since neighbour BER curves were not
recorded in the situation without the add-channel (’w drop’ in Figure 4.2
(d)). The sensitivities of totally 8 neighbour channels were recorded, as
shown in Figure 4.3 (e). None, except the left neighbour (ID -1), show any
deterioration due to the add-drop operation since nearly identical values
i
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Figure 4.3: BER measurements from the 640 Gbit/s TADM experiment using the
NPRL. BER curves of: (a) the left neighbour to the target/added channel, (b) the
target- and added channel, (c) the right neighbour to the target/added channel, (d) the
dropped channel. (e) Sensitivities of the demultiplexed neighbour channels both with
and without add-drop operation, and (f) the corresponding add-drop induced penalties.
are obtained with/without add-drop. The sensitivities are subtracted to
obtain the add-drop induced penalties shown in Figure 4.3 (f). The BER
curve of the dropped channel is shown in Figure 4.3 (d). It has error-free
performance with a sensitivity of -32.1 dBm, which is a 5.6 dB penalty
compared to the 10 Gbit/s back-to-back sensitivity of -37.7 dBm.
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4.2.3 Conclusion
Error-free 640 Gbit/s TADM has been demonstrated using the NPRL. The
added channel has a penalty of only 1.1 dB compared to the target channel.
The neighbour channels also have error-free performance. Only the left
neighbour suffers a small penalty of 2.3 dB, which is attributed to a pedestal
of the add-channel, and not to the NPRL. The dropped channel is error-free
with a penalty of 5.6 dB compared to the 10 Gbit/s back-to-back.
4.3 Discussion
The purpose of this section is to discuss the TADM performance of the
NPRL, with focus on strategies for improvement. It could be worthwhile to
perform a more thorough characterisation of the NPRL, but this is left for
future work. In this project, the device was tested directly in the 640 Gbit/s
TADM experiment above.
Section 4.3.1 concerns possible modifications to the set-up for TADM,
which could yield a simpler and more flexible configuration. In section 4.3.2,
a modified version of the NPRL that can further improve the stability is
proposed. In section 4.3.3, the NPRL is compared with the Kerr shutter,
which is also based on non-linear polarisation rotation. Finally, it should
be noted that the switching window in the NPRL has the same functional
dependence on the non-linear XPM phase-shift as the simultaneous time-
division add-drop multiplexer (STADM) from Chapter 3. This is briefly
shown in section 4.3.4. This property implies that the discussion concerning
the suppression ratio and flat-top pulses in section 3.5 for the STADM also
applies to the NPRL.
4.3.1 Modifications to the set-up for TADM
In the above experiment, it is attempted perform the drop- and clear-
operations simultaneously, in the sense that a single polarisation beam
splitter is used to extract target channel and clear the bit slot (PBS2 in
Figure 4.1 (a)). As explained earlier, this requires a perfect 90◦ rotation of
the target compared to the remaining channels. The results obtained above
strongly indicate that this is possible, but it relies on a very precise adjust-
ment of the control pulse power, and in particular of PC1 and PC2. Here, it
was chosen to perform the drop- and clear-operations simultaneously via a
single polarisation beam splitter (PBS), since it appears as the most elegant
solution. However, this is not a strict requirement. The dropped channel
i
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and the cleared bit slot could be optimised separately in two polarisers, by
splitting the output of the NPRL after the circulator. In fact, this would
only require an extra coupler compared to the set-up used here, since a
polariser is already in use in the ADD-section. Such a separate optimisa-
tion would not necessitate a perfect 90◦ rotation by the NPRL, and this
would alleviate the precision needed in the adjustment of the control power
and input polarisation to the NPRL. The result would be a more flexible
set-up, which should perform equally well. This method has already been
used for TADM with Kerr shutters [19, 79]. As a further modification, the
control pulses could be coupled into the loop before PBS1, by aligning their
polarisation to the principal axis. The control and data-signals could be
combined in a coupler before the circulator, and the control signal could
be suppressed by a BPF after the circulator. This would make the loop
itself more simple, and at the same time avoid an excessive number of con-
nectors (or splicings). These may degrade the linear polarisation state by
coupling a small amount of light into the other (fast) axis, due to small
(unavoidable) connector misalignments. Note however that both cw and
ccw propagating light in the fast axis will be blocked by PBS1 after the
loop round-trip, hence removing it from the output data signal.
4.3.2 Modified NPRL for increased stability
An important issue is the stability of the switch. Due to the PM nature of
the loop, which contains the longest part of fibre in the TADM switch, a
high stability towards environmental perturbations is expected. Note that
the topic of stability is discussed in more detail in Chapter 6. In the present
configuration, the DROP-section of the TADM switch in Figure 4.1 (a) is
not completely polarisation-maintaining, since the circulator, polarisation
controller and PBS2 connected to the NPRL are standard components.
However, these parts of the configuration can also be replaced by PM-
components if the set-up is slightly modified. In the following, we briefly
propose and describe a modified version of the NPRL which should bring
an increased stability to the performance.
Since PM-circulators which work on both the slow- and fast axis are
not commercially available, the configuration has to be slightly modified
to the set-up shown in Figure 4.4. Here, the incoming OTDM data sig-
nal is polarisation-filtered by PBS2 and coupled into the slow axis of a
PM patch cord. This axis is rotated at a 45◦ angle compared to the slow
axis of the input patch cord to PBS1, by a PM FC/PC-FC/PC (flat, non-
angled), rotatable connector (RC). The NPRL is in the same configuration
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Figure 4.4: Proposal for a modified set-up for the NPRL, in order to improve the
stability.
as previously where all signals propagate along the same axis. The or-
thoconjugating property of the PBS loop (90◦ rotation, see section 6.3)
guarantees that the two polarisation-components of the input signal have
traveled through the same optical path when arriving back to the RC (the
slow/fast axis separation upon arrival to the RC is compensated after the
return path). The target channel is now in the same linear polarisation and
follows the slow axis towards PBS2 where it is transmitted, and can then be
extracted by the circulator. The remaining OTDM signal is rotated by 90◦
after the RC, and follows the fast axis back to PBS2 where it is reflected.
An advantage of PBS2 in this configuration is that it ensures that a stable
polarisation is coupled into the PM part of the switch. The second output
of PBS2 can be used as a monitor to adjust the polarisation (by minimis-
ing the output power). In certain cases, the cw propagating component
of the target experiences parametric amplification inside the PM-HNLF.
This can be compensated by readjusting the angle of the RC, in order to
obtain a 90◦ relative angle between the target and the remaining channels.
In the proposed configuration, both the drop- and clear-operations occur in
polarisation-maintaining components, which should result in a more robust
operation.
4.3.3 Comparison with the Kerr shutter
Compared to the Kerr-shutter, the NPRL is slightly more complicated in
terms of equipment. In the case of the Kerr-shutter, a coupler combines
the control and data signals, which then propagate one-way through a non-
i
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linear fibre, followed by a polariser to extract the rotated data pulses. This
set-up can be seen in Figure 2.2. In the NPRL, an extra PBS is needed
to form the loop, and a circulator is needed to separate the in- and out-
going data signals. The non-linear medium is preferably a PM-HNLF which
avoids an internal polarisation controller in the loop. This also keeps the
co-propagating data- and control signals in the same polarisation. A XPM
phase-shift of pi by the control pulse peak is thus enough to achieve a 90◦ ro-
tation. In the case of the Kerr shutter, the control peak needs to generate a
XPM phase-shift of 3pi/2, since this will result in a differential phase-shift of
pi between the data-pulse polarisation-components, as explained in section
2.1.3. This is the necessary power in the ideal case where there is no resid-
ual birefringence in the fibre. In a real fibre, the linear state of the control
pulses at the input of the fibre will evolve into a general elliptical state that
varies along the fibre. In the limit of a long fibre with sufficient residual
polarisation-mode dispersion (PMD), the ratio between the XPM phase-
shifts parallel and orthogonal to the control state of polarisation (SOP) will
converge from 3 to 2 (c.f. section 2.2.2). In this case, a peak XPM phase
shift of 2pi is required for a 90◦ rotation. These simple considerations thus
indicate that the NPRL is 150-200% more efficient than the Kerr shutter
in terms of control power.
4.3.4 Comparison of STADM and NPRL
The switching window of the STADM and NPRL have the same functional
dependence on the non-linear phase-shift inside the HNLF. A simple cal-
culation shows that the intensity after the interference out of the NOLM,
and the intensity after the PBS following the NPRL are equal for the same
induced phase-shift, as shown below. This section concludes with a few
remarks on the conceptual difference between the STADM and NPRL.
Switching window
Firstly, a remark must be made on the passive extinction ratio of the two
switches, which determines the ability to suppress the input OTDM data in
the absence of control pulses. In the case of the NOLM, this ratio is based
on destructive interference at the output port, and the value is typically
of the order 30 − 35 dB in the experiments in this work. In the case of
the NPRL, the ratio is determined by the ability of the PBS to block a
single polarisation. This is determined by the polarisation extinction ratio
of the PBS, which is close to ∼ 30 dB for the commercially available PBSs
i
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used in this thesis. The passive extinction ratio is thus of the same order
of magnitude for the two devices, which justifies the following comparison
(where an infinite extinction ratio is assumed for both switches).
The transmittivity (switching window) was calculated for the NOLM
in section 2.1.2. It is given by eq. (2.31) for a 50:50 input coupler to the
NOLM:
TNOLM =
1
2
(1− cos(∆ΦNOLM)), (4.1)
where the (relative) XPM-induced phase-shift ∆ΦNOLM = ∆Φcw −∆Φccw
is determined by equations (2.23) and (2.24).
For the NPRL, the transmittivity is determined by the intensity at
the output of PBS2, referring to the set-up shown in Figure 4.1 (a). The
corresponding expression at the output of the PBS in a normal Kerr shutter
is given by equation (2.34), that is
TKerr =
1
2
(1− cos(∆ΦKerr)) (4.2)
Here, the relative phase-shift ∆ΦKerr = ∆Φ‖ − ∆Φ⊥ is the difference be-
tween the parallel and perpendicular XPM phase-shifts, determined by eq.
(2.33). In the NPRL, the input data polarisation is split evenly into cw
and ccw components at PBS1 as shown in Figure 4.1 (d). The polarisation
rotation at PBS2 is then determined by the difference between the XPM
phase-shifts ∆Φcw and ∆Φccw, instead of between ∆Φ‖ and ∆Φ⊥, as in the
Kerr shutter. As a result, the transmittivity of the NPRL is obtained by
replacing ∆ΦKerr in eq. (4.2) by ∆ΦNPRL = ∆Φcw −∆Φccw,
TNPRL =
1
2
(1− cos(∆ΦNPRL)). (4.3)
Since the non-linear effects occurring in the loop are the same for the NOLM
and the NPRL, the phase-shifts ∆Φcw and ∆Φccw are given by (2.23) and
(2.24) in both cases. It can be concluded that
TNPRL(∆Φ) = TNOLM(∆Φ) where ∆Φ = ∆Φcw −∆Φccw (4.4)
The equality in eq. (4.4) implies that the discussions based on switching
window calculations for the STADM in section 3.5, are basically applicable
to the NPRL as well. This includes the positive influence of demultiplexing
on the performance of the added channel in section 3.5.1, as well as the
improvement of the suppression ratio that can be obtained with flat-top
control pulses in section 3.5.3. Furthermore, the techniques for cancelling
the counter-XPM effect that have been proposed for the NOLM [36–38]
(c.f. section 2.1.2), can also be applied to the NPRL.
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Conceptual difference
In the STADM, the entire TADM operation is performed simultaneously
in the NOLM, where the add-channel is switched actively into the OTDM
data signal. The NPRL performs only the drop- and clear-operations by
switching, and the add-channel is coupled passively into the OTDM data
signal after the switch.
The STADM thus constitutes the solution with the most compact de-
sign. Furthermore, any pedestal of the add-channel that lies outside the
NOLM switching window is not switched into the OTDM data signal, but is
reflected and leaves the STADM together with the dropped channel. How-
ever, this residual pedestal will interfere with the dropped channel together
with the unsuppressed add-channel.
With the NPRL, the dropped channel is not affected by the add-channel
since the add-operation succeeds the switch. However, a pedestal on the
added channel is also coupled into the OTDM data signal where it will
interfere with the neighbour channels. This effect was also observed in
the 640 Gbit/s experiment, c.f. Figure 4.3 (a). Presently, it is difficult to
determine which of the two schemes that is preferable.
4.4 Conclusion
A novel switch, the non-linear polarisation-rotating loop (NPRL), has been
proposed. The NPRL can be used to perform time-division add-drop
multiplexing (TADM), which was demonstrated at the record-high bit rate
of 640 Gbit/s with error-free operation and low penalties. The high TADM
performance of the NPRL is comparable to the STADM based on a non-
linear optical loop mirror (NOLM), demonstrated in Chapter 3. Indeed,
both switches are based on a loop structure and have similar switching
window characteristics.
The performance of the NPRL is expected to improve even further by
using flat-top control pulses to increase the suppression ratio. Furthermore,
the set-up for TADM based on the NPRL can be modified to yield a simpler
and more flexible configuration.
The robustness of the NPRL against environmental perturbations is
high since the non-linear medium is a polarisation-maintaining highly non-
linear fibre (PM-HNLF). A modified design of the NPRL was proposed,
which is based entirely on PM-components and should result in even better
stability.
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To conclude, it is believed that the combination of an entirely PM-
based NPRL with flat-top control pulses will constitute a stable fibre-based
solution with high performance for 640 Gbit/s TADM. This constitutes an
alternative to the PM-based STADM proposed in section 3.6.
It is left for future work to realise the PM-based NPRL and to test
it with flat-top control pulses. The transmission properties of the output
data signals should also be addressed. However, the effect of the NPRL
is expected to be very small in this context, since only the dropped pulse
is exposed to switching. Furthermore, flat-top pulses are not expected to
impose e.g. XPM-induced chirp on the dropped channel that could impair
its transmission properties.
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Chapter 5
Polarisation-Independent
NOLM
It is highly advantageous if a switch for optical signal processing does not
depend on the state of polarisation (SOP) of the incoming data signal.
Indeed, the SOP of a data signal transmitted over a fibre link fluctuates
in time due to the various external factors influencing the transmission fi-
bre, and it is in general unknown. A polarisation-independent (PI) switch
can process the data signal directly after transmission, with identical per-
formance for any data input SOP. This alleviates the need for an active
polarisation tracking device which continually tracks and then locks the
data SOP to a desired state before the switch. For this reason, great effort
has been put into developing fibre-based PI switches for signal processing
of high-speed data signals. The literature contains a considerable num-
ber of alternative switch configurations and techniques for achieving the
desired polarisation-independence, and these are reviewed in section 5.1.
In section 5.2, we present a new principle which enables PI demultiplex-
ing using a standard non-linear optical loop mirror (NOLM), and this is
demonstrated in a 320 Gbit/s experiment. This new method is charac-
terised by the simplicity of the switch configuration, and it is in principle
scalable to 640 Gbit/s bit rates and beyond.
5.1 Previous work
This section reviews previous work on PI switches, which are mostly dom-
inated by demultiplexers. These can be roughly divided into two cate-
gories: polarisation diversity switches where the orthogonal components of
97
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the incoming data SOP are separately switched, and switches where the
PI operation is inherent to the switching principle. Both fibre-based and
SOA-based PI switches have been demonstrated. Note that PI generally
refers to polarisation-independence of the switch to the data input SOP.
Most often, polarisation-independence of the control SOP is not the case.
However, this is not considered as a problem, since the control pulse source
is co-located with the switch, and the input SOP of the control signal is
therefore easily controlled and kept in a fixed state.
5.1.1 Polarisation diversity fibre-based switches
In polarisation diversity demultiplexers, the two random orthogonal polari-
sation components of the incoming data SOP are split, separately switched,
and then recombined to obtain the demultiplexed data signal. The two
SOP components are switched by separate control pulses but with equal
control intensity, and this gives the device the PI property. The switching
occurs either by the process of cross phase modulation (XPM) or four-wave
mixing (FWM). Even though these effects are still inherently polarisation-
dependent, the diversity scheme guarantees the overall PI operation. Note
that this method generally requires twice the control power compared the
normal polarisation-dependent version of the switch.
The two orthogonal SOP components of the incoming data signal can
be spatially separated by splitting them into separate paths. This method
is used in a well-known FWM switch where a polarisation beam splitter
(PBS) splits the orthogonal components which then follow clockwise (cw)
and counter-clockwise (ccw) paths through the same fibre loop [90, 91].
Incoming control pulses are set to a 45◦ angle compared to the PBS axis,
and thus propagate with equal intensity along both paths. The generated
orthogonal FWM products recombine at the PBS and are extracted with
a optical band-pass filter (BPF). Non-linear polarisation rotation by XPM
can also be used for PI switching in a PBS loop, which requires the insertion
of wavelength-dependent birefringent elements to create an angle between
control and data polarisations before entering the non-linear medium [92].
The polarisation diversity scheme with a PBS loop can also be used for
the effect of frequency shifting (or chirping) by XPM by a broad control
pulse, followed by off-carrier filtering [95]. A NOLM can be made PI if
a birefringent element is inserted which acts as a half-wave plate for the
control pulses (90◦ rotation) and a full-wave plate for the data signal (no
rotation). Both data and control signals are inserted into the NOLM via the
same input coupler, and after the round-trip, the phase-difference will be
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equal for both data SOP components. This method has been demonstrated
both with a short polarisation-maintaining fibre (PMF) [96] and a LiNbO3
crystal plate [97] as the birefringent element. It should be noted that the
counter-XPM effect (c.f. section 2.1.2) is avoided with this method since
the control pulses propagate both ways in the NOLM [98]. A PBS loop has
also been inserted in a NOLM in order to achieve polarisation-independent
XPM of the cw data pulse [99]. However, care must be taken to avoid
overlap of the control pulse with the ccw data pulse inside the PBS loop.
The opposite scheme, where a NOLM is inserted in a PBS loop, has also
been used to demonstrate PI diversity demultiplexing [100]. However, this
method also involves a rather complicated set-up.
The two orthogonal SOP components of the incoming data signal can
also be temporally separated by introducing a delay between them before
the non-linear medium, but this requires a compensating delay to recom-
bine the (orthogonal) switched pulses. The delay can be provided by using
a short piece of PMF before the switch, followed by an identical PMF after
the switch, but rotated at 90◦ to compensate the delay. The control signal
is set to a 45◦ angle to the first PMF, so that the data components are sep-
arately switched by the same control pulse intensity. This method has been
used to achieve PI demultiplexing by FWM in a standard highly non-linear
fibre (HNLF) [101], by XPM-induced wavelength-shifting [102], and with
a standard NOLM [103]. In the two latter cases that are based on XPM,
it is important to avoid overlap of the delayed control pulse with (orthog-
onal) neighbour channels, in particular with the NOLM. A scheme with
backpropagation through the fibre after reflection from a Faraday rotating
mirror (FRM) enables the recombination of the switched components by the
input PMF, and contributes to stabilising the set-up [104,105] (c.f. section
6.3.2 on FRM stabilisation). A long PMF serving as the non-linear medium
can also be used to temporally separate the orthogonal data components,
instead of a short PMF before the switch. This has been demonstrated in
a NOLM containing a long (3 km) PMF [106]. The PMF is cross-spliced at
90◦ in the middle of the loop, enabling the counter-propagating data pulses
to recombine after the round-trip.
5.1.2 Inherently polarisation-independent fibre-based
switches
We denote a switch as inherently PI when a splitting of the incoming data
pulse into its orthogonal polarisation-components is not required to ob-
tain a PI operation. This type of PI switch can be achieved by exploiting
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the evolution of the data SOP and/or control signal SOP throughout the
non-linear fibre medium. Such a method has been used to demonstrate PI
demultiplexing by XPM broadening in a linearly birefringent 30 m photonic
crystal fibre (PCF) [107]. Here, control pulses are coupled into the PCF
such that equal control power propagates along both axes. The control
SOP will thus vary rapidly along the PCF due to the birefringence. The
co-propagating data pulse has a different SOP evolution due to the dif-
ferent wavelength, and will experience the same accumulated XPM phase-
shift, independently of the input SOP. However, the polarisation-mode
dispersion (PMD) due to the linear birefringence broadens the switching
window, which makes operation at very high bit rates difficult using this
method. In a standard fibre, the residual PMD will cause the SOPs of
two signals at different wavelengths to follow different, randomised paths,
provided the fibre length, wavelength separation, and/or PMD are large
enough (c.f. section 2.2.2). The relative SOP between the control and data
signal will thus go through practically all possible states, which results in
an XPM phase-shift that is independent of the input SOP of both sig-
nals. This has been demonstrated for PI demultiplexing in a NOLM with
a 13 km dispersion shifted fibre (DSF) [29]. Unfortunately, this method is
also problematic for very high bit rates due to e.g. the large total PMD
and the long fibre that is required. Another method exploits the prop-
erties of circular birefringence fibre (CBF), also called twisted fibre, to
achieve PI operation. In a CBF, the dominating circular birefringence re-
sults in a rotation of the signal SOP during propagation [108]. In such a
fibre, a circular SOP is an eigenstate since it is maintained throughout the
CBF. Furthermore, a circularly polarised control signal generates an equal
amount of XPM for all data polarisations. This method has been used
for 80 Gbit/s PI demultiplexing in a NOLM [109], as well as 160 Gbit/s
PI wavelength-conversion by XPM [53]. An advantage of CBF is the rela-
tively low twist-induced PMD, which should enable the use of this method
at bit rates above 160 Gbit/s [53]. Another, quite elegant method exploits
a special property of XPM-induced spectral broadening, namely that the
spectral intensity generated at a specific offset from the data carrier wave-
length can be made equal for the XPM phase-shifts parallel and orthogonal
to the control SOP. This is possible even though the parallel and orthog-
onal phase-shifts differ due to the polarisation-dependence of XPM. This
method has been demonstrated in a 160 Gbit/s PI demultiplexing experi-
ment with a 2 m highly non-linear bismuth-oxide fibre [110].
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5.1.3 SOA-based polarisation-independent switches
It should also be mentioned that PI demultiplexing has been accomplished
in a number of semiconductor optical amplifier (SOA) based devices, even
at relatively high bit rates. A polarisation diversity scheme where the
incoming data signal is split by a PBS and then processed in two separate
gain-transparent ultra fast non-linear interferometers (GT-UNIs), has been
demonstrated at 160 Gbit/s [111]. A scheme where short PMFs split and
recombine the pulses before and after the switch (as described above), has
been used to achieve 200 Gbit/s PI demultiplexing by FWM in an SOA [58].
In another scheme, an SOA inserted in a PBS loop performs bidirectional
polarisation rotation by XPM, which is similar to the method reported
in [92] (described above). In this case, PI demultiplexing at 40 Gbit/s is
reported, with a prospect for 160 Gbit/s operation [112].
5.2 Polarisation-independent NOLM
Here, we demonstrate for the first time that the NOLM in its standard
configuration can operate as a polarisation-independent demultiplexer, even
at ultra-high bitrates. This requires no structural modifications, and it is
achieved solely through an adjustment of the power level, pulse width, and
polarisation of the control pulses. The scheme is thus easy to implement
and implies no changes that might limit the operating bit rate. The basic
principle is to cancel the polarisation-dependence of the XPM phase shift
by utilising the periodicity of the power transfer function of the NOLM, as
explained in section 5.2.1. The concept is experimentally verified both in a
simple proof-of-principle experiment where a 10 Gbit/s data pulse train is
switched with only 0.2 dB residual polarisation-dependence (section 5.2.2),
and in a system experiment where a polarisation-scrambled 320 Gbit/s
OTDM data signal is demultiplexed with error-free performance and low
penalty (section 5.2.3).
5.2.1 Principle
The principle is based on a NOLM in the standard configuration, which
is shown in Figure 5.1. It is made from standard (non-PM) fibres and
components: standard 3 dB single-mode couplers for coupling the control
and data-signals in/out of the loop, a manual polarisation controller (PC)
to adjust the net birefringence of the loop, a highly nonlinear fiber (HNLF)
as the non-linear medium, and a BPF to suppress the control pulses at the
i
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Figure 5.1: Principle for the PI-NOLM: polarisation-independent demultiplexing in
a standard NOLM. The figure shows: (a) data and control SOPs at the input to the
HNLF, (b) XPM phase shifts of the two orthogonal data polarisation components Ex and
Ey in the cw direction of the HNLF, (c) the NOLM transfer function (transmittivity).
As indicated in (c), PI operation is achieved for two control power values Pctrl,1 and
Pctrl,2 where the transmittivities of Ex and Ey are equal: Tx = Ty. The inset by the
NOLM shows the (broad) control pulse shapes needed to obtain the fully polarisation-
independent operation.
output port. In the following explanation, an ideal HNLF fibre with no
residual birefringence and no loss is assumed. The HNLF has length L and
non-linear coefficient γ.
The standard operation of a NOLM was explained in section 2.1.2. It
relies on XPM between the clockwise propagating (cw) high-powered con-
trol pulses and the synchronous cw data-channel pulses. The XPM-effect is
polarisation-dependent, and ideally, the control and data-polarisations are
adjusted to linear and parallel SOPs for maximum phase-shift. The control
pulse power is then adjusted to maximise the power of the switched pulses.
The principle of the polarisation-independent operation of the NOLM
in its standard configuration is sketched in Figure 5.1. It is based on the
simple observation that two different clockwise (cw) phase-shifts can result
in equal transmittance by the NOLM due to the periodic nature of the
transfer function. This is explained in more detail in the following. The
i
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polarisation states of the cw propagating pulses in the HNLF are shown in
Figure 5.1 (a): the control SOP is set to a linear state along the y-axis, and
the data is in a random (elliptical) SOP with field-components Ey and Ex
along the y- and x-axes, respectively. The XPM phase-shifts induced by the
control pulse on the Ey and Ex components, are given by ∆φy = 2γ Pctrl L
and ∆φx = 23γ Pctrl L, respectively. Here, Pctrl is the peak power of the
control pulse. These expressions for the XPM phase shifts are assumed to
be valid over the whole data pulse duration, which requires that the entire
data pulse experiences the same control peak power. This is achieved by
using a control pulse that is sufficiently wide compared to the data pulse.
As an alternative to a broad gaussian-like control pulse, a flat-top shaped
pulse with a much shorter width can be used, as shown in the inset by the
NOLM in Figure 5.1. Note that zero walk-off between data and control
pulses is assumed here. As noted in Figure 5.1 (b), we thus have the
relation ∆φx = 13∆φy, which is the origin of the polarisation dependence
normally observed in the NOLM. The transmittivity (or transfer function)
of the NOLM as a function of the XPM phase-shift of the cw data-field
is shown in Figure 5.1 (c), calculated using eq. (2.31) from the NOLM
model in section 2.1.2. This transfer function is valid for both Ey and
Ex. It can be seen that there exist values of Pctrl for which Ey and Ex
are equally transmitted (Ty = Tx), even though the corresponding XPM
phase-shifts ∆φy and ∆φx differ by a factor of 3. This will result in a
polarisation-independent switching operation, and it can be achieved at two
settings of Pctrl as shown in Figure 5.1 (c). At the first value of the control
power Pctrl,1, the XPM phase-shifts are (∆φx; ∆φy) = (12pi;
3
2pi), yielding
a PI transmittivity of Tx = Ty = 0.5. At the second value Pctrl,2, the
XPM phase-shifts are (∆φx; ∆φy) = (pi; 3pi), yielding a PI transmittivity
of Tx = Ty = 1.
When the NOLM is used according to the principle above, it is denoted
as the polarisation-independent non-linear optical loop mirror (PI-NOLM).
When it is used according to the standard operation, it is denoted as the
standard non-linear optical loop mirror (STD-NOLM).
Real fibre
Above, it was assumed that the HNLF is an ideal fibre with no resid-
ual birefringence, where the ratio between the XPM phase-shifts parallel-
and orthogonal to the linear control polarisation is ∆φy/∆φx = 3. This
value is slightly reduced in a real standard fibre, and the ratio converges
to ∆φy/∆φx = 2 in the limit where the residual birefringence and/or fi-
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bre length are sufficient to cause the control SOP to cover the Poincare´
Sphere. This topic was discussed in more detail in section 2.2.2. How-
ever, the principle explained above for an ideal fibre also applies in the
case of a real fibre. For all values ∆φy/∆φx ≤ 3 there exist values of Pctrl
for which PI-NOLM operation can be achieved. For example, in the case
of ∆φy/∆φx = 2, polarisation-independence is achieved for control pow-
ers Pctrl,1 and Pctrl,2 for which the XPM phase-shifts are (∆φx; ∆φy) =
(23pi;
4
3pi) and (∆φx; ∆φy) = (
4
3pi;
8
3pi), respectively. In both cases, the PI
transmittivity is given by Tx = Ty = 0.75.
5.2.2 10 Gbit/s demonstration
To verify the proposed principle of the PI-NOLM, a 10 Gbit/s switching
experiment is performed. The set-up is shown in Figure 5.2 (a). This ex-
periment simply corresponds to performing a 10:10 Gbit/s demultiplexing.
The HNLF in the NOLM is L = 500 m long, with a non-linear coefficient
γ = 10.5 W−1km−1, zero-dispersion wavelength λ0 = 1550.4 nm and dis-
persion slope 0.018 ps/(nm2·km) at 1550 nm. The 10 Gbit/s data pulses are
obtained from a 10 GHz erbium glass oscillating pulsed laser (ERGO) at a
wavelength of 1557 nm, followed by on-off keying (OOK) data-modulation
(27− 1 PRBS) in a Mach-Zehnder modulator. Notice, the clock synchroni-
sation scheme for the set-up is described in section 3.4.1. The polarisation
state of the data signal is then randomised at high speed in a polarisation
scrambler, where the Poincare´ Sphere of polarisation states is practically
covered by a trajectory which is repeated at a rate of ∼ 113 kHz. After
the scrambler, the data pulses are injected to the NOLM with an average
power of ∼ −3 dBm and a FWHM pulse-width of ∼ 2 ps. The control
pulses originate from another 10 GHz ERGO at 1543 nm. They are ampli-
fied by a high-power EDFA, filtered by a 5 nm BPF, and then coupled into
the HNLF with a FWHM pulse-width of ∼ 5− 6 ps. The control pulse po-
larisation state is set by a manual polarisation controller (PC). The control
pulse peak power is adjusted on the high-power EDFA.
For the STD-NOLM operation, the control power, data- and control-
polarisations are adjusted for maximum transmitted data power through
the 1 nm BPF at the NOLM output. In this case, the data-polarisation
is controlled manually, with the polarisation scrambler turned off. The
switched power is maximised at an average control power of Pctrl = 17.5 dBm
(output power of EDFA). Notice that Pctrl denotes the average control
power in the descriptions of the experiments. The resulting eye diagram
is shown in Figure 5.2 (b), left. When the scrambler is turned on, the
i
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Figure 5.2: PI-NOLM proof-of-principle experiment: 10:10 Gbit/s demultiplexing.
(a) Experimental set-up, (b) Eye diagrams with scrambler on and off in the case of
STD-NOLM operation, (c) Eye diagrams with scrambler on and off in the case of PI-
NOLM operation, which is achieved for two control power values Pctrl,1 and Pctrl,2. The
polarisation-dependencies marked on the eye-diagrams are measured with the OSA (res.
2 nm).
eye is deteriorated as shown in Figure 5.2 (b), right. Manually adjusting
the data polarisation for maximum and minimum switched power yields a
polarisation-dependent variation of ∼ 3 dB, measured on the optical spec-
trum analyzer (OSA) with a 2 nm resolution.
For the PI-NOLM operation, the control-power and polarisation are
modified until the deteriorations induced by the scrambler disappear from
the eye-diagram. This occurs at EDFA control powers Pctrl,1 = 18.6 dBm
and Pctrl,2 = 22.2 dBm. The corresponding eye-diagrams in Figure 5.2 (c)
show negligible differences between the situations with the scrambler on
or off. In the case of Pctrl,1, the residual polarisation-dependence is mea-
sured to be as low as 0.2 dB (on the OSA). This is also the value of the
polarisation-dependent loss (PDL) of the NOLM in the passive transmis-
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Figure 5.3: Experimental set-up for 320 Gbit/s demultiplexing using the PI-NOLM. (a)
320 Gbit/s OTDM transmitter followed by a polarisation scrambler. (b) The PI-NOLM
set-up for demultiplexing. The inset shows autocorrelations at the input to the HNLF
of the 320 Gbit/s data pulses (FWHM 550 fs) and the 10 GHz control pulses (FWHM
2.4 ps).
sion mode (no control pulses, and constructive interference at the output
port). This result demonstrates that the proposed PI-NOLM principle
enables truly polarisation-independent switching. Note that the control
EDFA output power needs to be set with a precision of ±0.1 dB to achieve
this low polarisation-dependence.
5.2.3 320 Gbit/s polarisation-independent demultiplexing
A high-speed demultiplexing experiment is then conducted in order to test
the performance of the PI-NOLM at high bit rates. The experimental set-
up is shown in Figure 5.3. Compared to the previous set-up, the HNLF
is replaced by a 100 m sample with the same characteristics, and a pulse
compressor and OTDM multiplexing stages (MUX) are inserted to gen-
erate a 320 Gbit/s OOK data signal. The compressor is based on self
phase modulation (SPM)-induced spectral broadening and chirping in a
dispersion-flattened highly non-linear fibre (DF-HNLF) followed by filter-
ing, as described in section 2.3.3. At the input to the 100 m HNLF in the
NOLM, the FWHM pulse widths are 2.4 ps for the control pulses, and 550 fs
for the 320 Gbit/s data (see inset with autocorrelations in Figure 5.3). The
i
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Figure 5.4: Experimental results of the 320 Gbit/s demultiplexing: (a) Eye diagrams
of 10 Gbit/s demultiplexed data with scrambler on/off in the STD-NOLM operation, (b)
Eye diagrams of 10 Gbit/s demultiplexed data with scrambler on/off in the PI-NOLM
operation, (c) all BER curves, (d) Sensitivities of 14 adjacent channels demultiplexed
from the scrambled 320 Gbit/s data in the PI-NOLM operation.
control pulse FWHM was broadened as much as possible in order to obtain
the polarisation-independent demultiplexing, as explained in section 5.2.1.
The maximum control FWHM was 2.4 ps, beyond which the switching
window broadened into the neighbour pulses.
For the STD-NOLM operation, the control power Pctrl and polari-
sation are adjusted for the best BER performance of the demultiplexed
10 Gbit/s data (the scrambler is off). This situation is obtained with a
control power of Pctrl = 19.9 dBm. The resulting eye-diagram is shown in
Figure 5.4 (a), left, and the corresponding BER curve can be seen in Fig-
ure 5.4 (c) (empty squares). The BER curve yields a sensitivity (received
power for BER = 10−9) of −34.1 dBm. There is no penalty compared
to the 10 Gbit/s back-to-back sensitivity of −34.0 dBm. However, when
the scrambler is turned on, the eye is severely deteriorated (Figure 5.4 (a),
right), and the BER curve (empty triangles) exhibits an error-floor above
i
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BER = 10−4. This error-floor is observed for all possible states of the
control polarisation (using the manual PC for the control signal). When
the control power and polarisation are adjusted to achieve the PI-NOLM
operation (obtained at Pctrl = 23.3 dBm), the performance is radically im-
proved. The eye-diagrams with scrambler on/off in Figure 5.4 (b) show
little difference, and the demultiplexed 10 Gbit/s channel from the scram-
bled 320 Gbit/s OTDM data is error-free with a sensitivity of −32.5 dBm,
as shown by the BER curve in Figure 5.4 (c) (filled triangles). When the
scrambler is turned off, the sensitivity is −33.2 dBm (filled squares), yield-
ing a scrambling-induced penalty of only 0.7 dB. It was not possible to
accurately measure the data polarisation-dependence using a manual PC
and the OSA, since the temporal alignment of data and control pulses
drifted during the time needed to find the data SOP yielding minimum
demultiplexed power. Next, BER measurements are performed on 14 adja-
cent demultiplexed channels using the PI-NOLM with scrambler on. They
all exhibit error-free performance, and the sensitivities are shown in Fig-
ure 5.4 (d). The scrambling-penalty for the PI-NOLM was evaluated for
a total of 5 channels, and yielded an average value of 0.7 ± 0.4 dB. The
relatively large spread of the sensitivities is attributed to the broad switch-
ing window, which makes the demultiplexing quite sensitive to the small,
unavoidable misalignments in the MUX stages.
In conclusion, these measurements confirm the capability of the pro-
posed PI-NOLM to operate as a polarisation-independent demultiplexer at
high bit-rates. The experimental results are discussed in more detail in the
following section.
5.3 Discussion
Four topics concerning the PI-NOLM are discussed in the following: the
dependence of the PI operation on the control polarisation, the dependence
on the control power, the use of flat-top pulses to reach 640 Gbit/s opera-
tion, and finally the stabilisation of the switch.
Dependence on the control polarisation
The 10 Gbit/s switching experiment demonstrated that the PI-NOLM prin-
ciple enables truly polarisation-independent switching, since the residual
polarisation-dependence was reduced to the PDL of the NOLM. In this ex-
periment, the polarisation-dependence on the control signal was ∼ 0.8 dB.
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In the limit of a longer fibre and/or sufficient PMD, where the control
SOP evolution will almost cover the Poincare´ Sphere, this dependence is
expected to converge towards zero. However, this will probably also limit
the bit rate due to the accompanying pulse broadening. When applying
the principle to demultiplexing from very high bit rates, a relatively short
fibre is necessary and a certain amount of control polarisation-dependence
therefore has to be expected.
Sensitivity to control power deviations
A closer look at the NOLM transfer function in Figure 5.1, reveals that the
sensitivity of the polarisation-independence to control power deviations is
not the same at the two power values Pctrl,1 and Pctrl,2. At the lowest
power value Pctrl,1, the transmittivities Tx and Ty lie on opposite slopes
of the transfer function. For this reason, the polarisation-independence
will quickly deteriorate with control power deviations from Pctrl,1. This is
not the case at Pctrl,2, where Tx and Ty are located at the same position
(modulo one period) on the transfer function, and small power deviations
are therefore less critical. This would also imply that the requirement of
a flat-top switching window is relaxed when operating the PI-NOLM at
Pctrl,2, as opposed to operation at Pctrl,1. However, it might be challenging
to operate at Pctrl,2 due to the high value of the control power. Here, the
large SPM causes spectral broadening of the control pulse, and the temporal
pulse can also become distorted. Indeed, satisfactory results could not be
obtained in the 320 Gbit/s experiment at the higher value Pctrl,2, which is
attributed to SPM-induced spectral broadening of the control signal into
the allocation of the data wavelength.
It should be noted that the sensitivity to the control power depends
on the ratio between the XPM phase shifts ∆φy and ∆φx. As discussed
earlier, this ratio decreases from a value of 3 towards 2 when using a real
standard fibre instead of an ideal fibre. For example, when ∆φy/∆φx = 2,
then Tx and Ty lie on opposite slopes for both Pctrl,1 and Pctrl,2. In this
case, the power sensitivity is not reduced at Pctrl,2, as it is with an ideal
fibre. Note also that complete switching (Tx = Ty = 1) is only possible in
the ideal case where ∆φy/∆φx = 3. This means that it will be difficult
to apply the PI-NOLM to time-division add-drop multiplexing (TADM)
where a channel needs to be completely extracted from the OTDM data
signal (which requires T = 1).
Finally, it must be noted that the sensitivity of the PI operation to the
control power necessitates a precise synchronisation between the control
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pulse and the data pulse. Indeed, the power conditions for PI operation
are not fulfilled if the data pulse is temporally misaligned so that it overlaps
with the slope of the control pulse.
Towards 640 Gbit/s
The 320 Gbit/s demultiplexing experiment served to demonstrate the ap-
plicability of the principle at high bit rates. Here, the PI-NOLM enabled
error-free demultiplexing of the polarisation-scrambled OTDM data, and
the contribution of the scrambling to the total penalty was only 0.7 dB.
This was the lowest value achievable by using a gaussian control pulse,
where the pulse width is limited by the presence of the neighbour channels.
To further reduce this penalty, it is necessary to come even closer to fulfill-
ing the condition of an equal amount of XPM across the entire data pulse.
As discussed before the experiments, the best solution is most probably a
flat-top control pulse. Such pulses have already been demonstrated, includ-
ing short flat-top pulses for 640 Gbit/s applications [88]. If such control
pulses are applied to the PI-NOLM, 640 Gbit/s demultiplexing with very
low polarisation-dependence should be readily achievable.
Stability
The last remark concerns the stability of the PI-NOLM against the envi-
ronment. Unfortunately, it does not seem possible to realise a PI-NOLM
based on polarisation-maintaining (PM) components. Indeed, the principle
behind the PI-NOLM is not applicable if e.g. a polarisation-maintaining
highly non-linear fibre (PM-HNLF) is used as the non-linear medium. The
reason is that the high linear birefringence will quickly split and separate
the orthogonal components of the random data SOP. The inherent sta-
bility of a PM construction is therefore not a solution for the PI-NOLM.
A potentially stable PI-NOLM would therefore have to rely on a careful
temperature-compensation and shielding against the surroundings. The
stabilisation of the NOLM is discussed in more detail in Chapter 6.
5.4 Conclusion
In this chapter, a new principle enabling PI switching using a standard
NOLM was proposed. To achieve the PI operation it is necessary to gen-
erate a flat-top switching window covering the data pulse, and the con-
trol power must be precisely adjusted. The principle was demonstrated
i
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in a 10 Gbit/s switching experiment where a residual data polarisation-
dependence of only 0.2 dB was obtained. Furthermore, the proposed PI-
NOLM enabled error-free demultiplexing of a polarisation-scrambled 320
Gbit/s OTDM data signal, with only 0.7 dB penalty from the scrambling.
With the above demonstrations, it has been shown that the PI-NOLM
constitutes a highly efficient solution for polarisation-independent demul-
tiplexing at ultra-high bit rates. The main advantage of the scheme is the
simplicity of the implementation, since it is based on the standard config-
uration of the well-known NOLM. The ultra-high speed capability of the
standard NOLM is therefore also valid for the PI-NOLM. The only require-
ment for the PI-NOLM that might constitute a practical limitation is the
control pulse shape (but the timing precision should also be kept in mind).
However, the recently reported short flat-top pulses [88] are expected to
solve this issue. Indeed, if such flat-top pulses are used as control signal
to the PI-NOLM, it is believed that 640 Gbit/s PI demultiplexing can be
demonstrated.
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Chapter 6
Stabilisation of Fibre-based
Switches
This chapter concerns the stability of fibre-based switches against pertur-
bations from the environment. The main focus is on the temperature-
stabilisation of the non-linear optical loop mirror (NOLM), and the ex-
perimental results in section 6.2 show that a loose coiling of the internal
HNLF results in a high resilience to room-temperature fluctuations. In
general, the stabilisation of fibre-based switches is a very important issue,
since it can pave the way for a commercial application of these devices.
It is therefore important to consider the various factors that influence the
stability as well as the possible countermeasures, in order to evaluate the
prospects for an efficient stabilisation. The scope of this chapter is therefore
extended beyond the results obtained in section 6.2, and includes relevant
topics such as the temperature dependence of bend-induced birefringence
and chromatic dispersion (section 6.2.3 and 6.2.4), acoustic noise (section
6.3), and compact HNLF modules (section 6.4). On this background, it is
conjectured that the required stabilisation is possible, and the methods to
achieve this are discussed in section 6.5.
6.1 Motivation
The NOLM is one of the most versatile fibre-based switches, as shown by
numerous demonstrations of various signal processing tasks including ultra
high-speed demultiplexing (section 2.1.2), but the main drawback is the
sensitivity to external perturbations. In the NOLM, the two interfering
light signals share the same optical path, which allows the use of a consid-
113
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Figure 6.1: Typical behaviour of a standard NOLM, subjected to room temperature
fluctuations. The graph shows the power detected at NOLM output port, over 26 hours.
The internal polarisation controller is adjusted for minimum output power at the begin-
ning of the measurement, and once after ∼ 5.5 hours. Note that the fluctuations appear
to settle down at night, when there is no activity in the laboratory.
erable length of fibre to form the loop (up to several kilometers). The longer
non-linear interaction length thus lowers the level of pump power required
to achieve the desired phase-shift, but it also increases the sensitivity to the
environment. As explained in section 2.1.2, a precise compensation of the
internal birefringence of the fibre loop is required in order to control the in-
terference at the output of the NOLM. Unfortunately, a number of factors
influencing the birefringence of the fibre are temperature-dependent, which
makes continuous readjustments of the internal polarisation controller nec-
essary during laboratory experiments. To exemplify this, the power mea-
surement in Figure 6.1 shows that the state of destructive interference at the
output of a typical NOLM is not preserved under normal room temperature
fluctuations. The NOLM contains a 500 m highly non-linear fibre (HNLF)
on a factory plastic spool, which is a typical length for high-speed signal
processing applications. The input is a continuous wave (CW) laser beam
at 1550 nm, with power ∼ 0 dBm, and no control/pump signal is coupled
into the HNLF. This example clearly illustrates the need for a stabilisation
scheme for the NOLM. Note that these fluctuations are not observed when
the NOLM contains no HNLF (see the plot in Figure 6.3). This confirms
that the observed instability primarily originates in the considerable length
of fibre, and not in the NOLM construction itself.
In general, the sensitivity of the fibre to external conditions is the main
i
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challenge that has to be faced before the NOLM, as well as other fibre-based
switches for ultra high-speed signal processing, can evolve from objects of
mostly scientific interest into viable commercial products. In the following,
some issues affecting the stability of fibre-based devices will be addressed.
The main focus is on the NOLM, which is probably one of the most dif-
ficult fibre-based switches to stabilise due to its interferometric design, as
illustrated above. First, some experimental results will show that the fluc-
tuations observed in Figure 6.1 are mainly due to the spool onto which the
fibre is wound, and that a considerable increase in stability can be obtained
by using a loose (unwound) coiling of the fibre. However, there remains a
residual temperature-dependence that comes from the bend-induced bire-
fringence in the fibre, which is discussed in section 6.2.3. In addition,
the chromatic dispersion also depends on the temperature, but this effect
is rather insignificant for fibre-based switches, as will be seen in section
6.2.4. In section 6.4, some promising recent results on very compact HNLF
modules are reviewed. This research is quite relevant since a reduced size
of the HNLF module will not only help to increase the stability, but also
make fibre-based switches more attractive for commercial applications. The
acoustic sensitivity of the NOLM is discussed in section 6.3, including some
reported countermeasures for this effect.
6.2 Temperature stabilisation of the NOLM
The objective of the early work in this Ph.D. project was to seek a solution
against the fluctuations of the NOLM as observed in Figure 6.1, which
occur in a normal laboratory environment. These are mainly attributed to
the room temperature fluctuations, which are in the range ∼ 15 → 25◦C.
From the measurements presented in this section, it will be apparent that
the fibre bobbins are the main cause of the observed instability, which can
be avoided to a large extent by keeping the fibre in a ’loose coil’.
Indeed, the expansion coefficient of the spool material depends on the
temperature. The spool therefore imposes a temperature-dependent stress
on the fibre, which will change with variations of the room temperature.
This could explain the fluctuations observed in Figure 6.1. For this reason,
it was chosen to investigate the influence of the coiling/winding method on
samples of 500 m HNLF subjected to the random temperature fluctuations
in the laboratory. The three winding methods are: (a) around a plastic
spool of diameter 18 cm, (b) around a small metal ’micro-spool’ of diameter
5 cm, and (c) in a loose coil of diameter ∼ 16− 17 cm. In the case of (c),
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there is thus no material which can impose temperature-dependent stress
on the fibre. In addition, talcum powder is used to prevent friction between
the fibre loops in the loose coil.
6.2.1 Polarisation stability of the HNLF
Before inserting the three selected HNLF samples in a NOLM, their sensi-
tivity to room temperature fluctuations is investigated by monitoring the
polarisation state of light propagated through the fibre. To perform this
measurement, each HNLF is directly connected to the output of a CW laser
tuned to 1550 nm, emitting light with a constant polarisation state and
output power ∼ 0 dBm. At the other end of the HNLF, the polarisation-
state of the transmitted light is monitored using a polarimeter (”Profile”
PAT 9000B + module PAN 9300IR). The results are shown in Figure 6.2.
The polarisation state is monitored over ∼ 17 hours, and is described by
the azimuth and ellipticity angles of the polarisation elipse. Unfortunately,
there was no equipment available to record the temperature variations in
the laboratory simultaneously to the polarisation state. However, since
great care was put into protecting the set-up against other disturbances
(such as physical movement), we therefore believe that the observed fluctu-
ations are mainly correlated to the random temperature changes. It should
be noted that the three cases were not measured at the same time. The
graphs clearly show that the loose coil solution gives the best resilience
to temperature variations, which is attributed to the absence of external
(temperature-dependent) stress from a bobbin. The micro-spool solution
with the low bend radius was tried mainly in an attempt to induce a strong
linear birefringence, in order to give the fiber a polarisation-maintaining
ability. However, this requires that the light is coupled with a linear po-
larisation state into the correct axis of the modified waveguide geometry,
in order to observe if the bend-induced birefringence can help to maintain
a constant and stable polarisation throughout the HNLF. Unfortunately,
it was not possible to properly locate this axis, and light was coupled into
the fibre with a random elliptical (but constant) polarisation. The output
polarisation is therefore more sensitive to stress due to the higher bend-
induced birefringence, which in itself is temperature-dependent (as will be
discussed in section 6.2.3). This is believed to cause the faster variations
observed in Figure 6.2 (b).
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Figure 6.2: Influence of three winding methods on the output polarisation from a
500 m HNLF, subjected to random room-temperature fluctuations. (a) Plastic spool
of diameter 18 cm, (b) metal micro-spool of diameter 5 cm, (c) loose coil of diameter
∼ 16− 17 cm. Note: the three samples of HNLF were obtained from the same ’mother-
spool’, and should therefore have almost identical characteristics. The measurements on
(a), (b) and (c) were not performed simultaneously.
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Figure 6.3: Stability of different NOLM configurations. The plots show the power
detected at the NOLM output port, set to destructive interference at the beginning of
the measurement.
6.2.2 Interferometric stability of the NOLM
The result from Figure 6.2 (c) indicates that a considerable improvement of
the NOLM stability should be obtainable if the loose coiling method is used
for the internal HNLF. A measurement of the output power of a NOLM
containing 500 m HNLF in a loose coil is shown in Figure 6.3, which also
shows the first ∼ 16 hours of the measurement of the NOLM with 500 m
HNLF on the standard plastic spool from Figure 6.1. It is clear that the
sensitivity to room temperature fluctuations is strongly reduced when using
the loose coil. Indeed, the fluctuations are close to the level observed when
the NOLM loop does not contain any HNLF (0 m). Note that these results
are consistent with the observations reported in [113], where a loose coil
is also used to improve the stability in a NOLM experiment. Figure 6.3
also shows that the fluctuations can be further suppressed when the NOLM
with 500 m loose coil HNLF is submerged in a water sink, where the air
temperature fluctuations are dampened.
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Figure 6.4: Long-term measurement over 90 hours of a NOLM with 500 m loose coil
HNLF, submerged in a water sink. The plot shows the power detected at the NOLM
output port. Arrows indicate the moments at which the temperature of the water is
temporarily lowered by submerging ice blocks in the water (which melt after ∼ 2 − 3
hours).
Even though the loose coiling provides a good solution against the mod-
erate temperature fluctuations in the laboratory, the NOLM is still sensitive
to stronger changes in temperature. This is apparent from the trial shown
in Figure 6.4. Here, the NOLM with 500 m loose coil HNLF is submerged
in a container with ∼ 30 l of water. A water sink was the only available
solution that could enable a uniform temperature throughout the entire
HNLF. Large temperature changes in the range ∼ 25◦C→ 0◦C are intro-
duced by submerging large ice blocks in the water at different time inter-
vals. There is no temperature control of the water temperature, and the ice
blocks melt after ∼ 2−3 hours. It can be observed that the NOLM output
power is sensitive to the temperature changes. This is mainly attributed
to the temperature-dependence of the bend-induced birefringence due to
the coiling of the fibre. The magnitude of this effect has been quantified in
previous studies. Even though the effect is found to be rather small, it is
believed that it is sufficient to cause the temperature-induced fluctuations
in Figure 6.4, as will be seen in the following section.
6.2.3 Bend-induced birefringence
Birefringence in fibres originates from primarily two things: deformations of
the core from the ideal circular geometry, or from mechanical stress which
changes the refractive index due to the elasto-optic effect [114]. Small devi-
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ations from the circular core geometry can occur during the manufacturing
process, and leads to an intrinsic (or residual) birefringence. Mechanical
stress on the fibre can occur due to e.g. bending, twisting, or lateral pres-
sure, and thereby imposes external birefringence on the fibre.
Bend-induced birefringence is relevant to fibre-based switches, since
these consist of a considerable length of fibre, which therefore has to be
wound around a spool (or in a loose coil) in order to obtain a more com-
pact device. This involves a continuous bending that imposes a lateral
stress on the fibre. The resulting bend-induced birefringence can be ex-
plained essentially as a second order elasto-optic stress effect, as shown
in [114]. The waveguide breaks up into a slow- and fast axis, where the
slow axis is normal to the plane of curvature. The resulting bend-induced
birefringence βb = kx − ky can be written as:
βb = 0.25
2pi
λ
n3(p11 − p12)(1 + ν) r
2
R2
rad/m. (6.1)
This is the phase retardation between the slow and fast axis for light with
wavelength λ, where r is the outer fiber radius, R is the bending radius, pij
are strain-optical coefficients, and ν is Poisson’s ratio. The birefringence
induced by winding the fibre is thus inversely proportional to the square of
the bending radius. Other bending-induced effects also contribute to the
birefringence, but with magnitudes that smaller by orders of magnitude
[108, 114]. These effects are: the small degree of core ellipticity created by
the bending, and the bent geometry of the waveguide which in itself lifts
the degeneracy of the two orthogonally polarised modes of the fibre.
More recently, it has been pointed out that another effect can lead to
birefringence in bent fibres, for which dopants are used to create the re-
fractive index profile [115]. The fibers are drawn at high temperatures,
and the different expansion coefficients of the dopants will result in longi-
tudinal stress at room temperature. If the fibre is bent, this will create a
thermal stress induced birefringence, and for some fibres and bending radii
the magnitude can become comparable to the mechanical bending-induced
birefringence explained above. However, it remains to be determined to
what extent this effect applies to the HNLFs in this thesis.
Temperature dependence
The temperature dependence of the bend-induced birefringence βb has
been investigated in a number of studies. In [108], the temperature of
a low-birefringence single-mode fibre spool with a 30 mm bending radius is
i
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changed from 20◦C to 70◦C. It is found that the relative dependence of βb on
the temperature T is given by 1/βb ·dβb/dT = 6.3 ·10−4 K−1, which is very
small. Another type of mechanical stress that induces birefringence is twist-
ing of the fibre, which may be used for example during the winding around
a spool to reduce the bend-induced polarisation-mode dispersion (PMD).
This results in a twist-induced birefringence, denoted g, which results in
a rotation of the polarisation, proportionally to the twist angle. In the
same study, the temperature-dependence of this rotation is also found to
be very small: 9.6 · 10−5 K−1, relative to the twist angle. Another study
of the temperature-dependence of bend- and twist-induced birefringence
on a low-birefringence York LB600 fibre yields similar results [116]. The
temperature was varied in the range −5◦C to 150◦C and resulted in low
relative temperature-dependencies of 1/βb · dβb/dT = 5.7 · 10−4 K−1 and
1/g · dg/dT = 4.9 · 10−4 K−1.
Influence on the NOLM
As a numerical example, we can evaluate the bend-induced birefringence
and its temperature-dependence for the NOLM with 500 m HNLF in a loose
coil used in Figure 6.4. The parameters to be inserted in eq. (6.1) for the
HNLF are n = 1.49, r = 62.5µm (cladding radius), and R = 8 cm, and the
other parameters are as specified in [114]: ν = 0.17, p11−p12 = −0.15, and
the wavelength is λ = 1550 nm. Insertion into eq. (6.1) gives a birefringence
(or phase retardation) of βb = −0.11pi rad/m. For a length of L = 500 m,
the total birefringence is then Bb = βb ·L = −57.7pi rad. If a temperature-
dependence of 1/β · dβ/dT = 6.3 · 10−4 K−1 (as reported in [108]) is used,
we obtain dBb/dT = 0.036pi rad/K. This means that a temperature change
of ∼ 27.5 K would change the bend-induced birefringence by pi rad. This
corresponds to a half-wave plate, which can reverse the interference at the
output of the NOLM if it is properly oriented, as explained in section
2.1.2. On this background, it is very likely that the temperature-induced
variations in Figure 6.4 can be attributed to the bend-induced birefringence.
However, it might also be speculated that a small thermal expansion of the
fibre can result in these variations, i.e. by causing the fibre loops to impose
stress on each other (see below).
These observations clearly show the need for an active temperature-
compensation scheme, in order to fully stabilise a NOLM that contains a
long fibre susceptible to bend-induced birefringence. However, the solu-
tion of having the HNLF in a loose coil is quite successful in a laboratory
context. Indeed, the NOLM has a very stable performance as a demul-
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tiplexer in system experiments, and readjustments of the internal polari-
sation controller are rarely needed. As observed in Figures 6.3 and 6.4,
the faster room temperature-fluctuations can be further damped in a rela-
tively large volume of water, where the temperature slowly adjusts to the
average room-temperature. But even though water-submersion can yield
very stable performance in a laboratory context, it is a cumbersome and
impractical solution for commercial applications.
Thermal expansion and group delay
The thermal expansion and temperature-dependence of the refractive in-
dex influence the propagation time (group delay) of light through a fibre.
An estimate for the size of this effect can be obtained as follows. The
propagation time through a fibre of length L is given by τ = Ln/c0,
where n is the refractive index and c0 is the speed of light in vacuum.
The temperature-dependence of τ can then be expressed as dτ/dT =
(n dL/dT + L dn/dT )/c0. For an unstrained fibre, the thermal expansion
of the fibre length can be written as dL/dT = αL, where α is the thermal
expansion coefficient of silica. Inserting this into the previous expression,
we obtain 1L dτ/dT = (αn+ dn/dT )/c0. Typical values for the parameters
in this expression, for a silica fibre, are n = 1.46, dn/dT = 10−5 K−1 and
α = 5 · 10−7 K−1 [116]. By insertion, we obtain a temperature-dependence
of the delay of 1L dτ/dT = 36 ps/(K · km), which is similar to values re-
ported in the literature for various fibre types (private communications).
The temperature-dependent delay variations are thus relatively large. In a
fibre-based switch, temperature-fluctuations can therefore result in a vary-
ing delay time between the input and output data. However, it is difficult
to say whether such variations might constitute a problem.
6.2.4 Temperature dependence of chromatic dispersion
The chromatic dispersion of fibres is temperature-dependent and this issue
also needs to be considered. Indeed, any change in the dispersion profile of a
fibre-based switch can alter the performance, since the pulse evolution and
propagation through the fibre will be affected. For example, the amount
of walk-off between pump and probe pulses as well as the extent of pulse-
broadening both depend on the dispersion profile. However, studies on the
temperature dependence of chromatic dispersion [117–119] have shown that
this effect is sufficiently small in order not to be a source of concern for the
typically short fibre lengths in HNLF-based switches, as will be seen in the
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following.
The general behaviour in silica is that a change of temperature re-
sults in a shift of the chromatic dispersion profile D(λ) along the λ-axis,
while the dispersion slope remains nearly constant. In particular, the shift
dλ0/dT of the zero-dispersion wavelength λ0 is almost linear. In [117],
a shift of dλ0/dT = 0.025 nm/K is predicted for bulk fused silica glass
SiO2, which agrees with measured values for dispersion-shifted fibres. This
shift is thus primarily of material origin, being dominated by the con-
tribution from the core glass, instead of the fiber design. In [119], the
dispersion of various non-zero dispersion shifted fibres (NZDSFs) and non-
dispersion shifted fibres (NDSFs) are measured as a function of tempera-
ture (in the range −40◦C to 60◦C). A linear relationship is observed both
for λ0 as well as the dispersion slope S0, but for which the temperature-
dependence is rather low. The values are very similar for all fibres, and
the averages are dλ0/dT = 0.026 nm/◦C (which agrees with [117]), and
dS0/dT = 2.5 · 10−6 ps nm−2 km−1/◦C. In [118], a number of fibres with
different dispersion slopes are investigated for temperatures from −10◦C
to 50◦C, including dispersion-compensating fibre (DCF) (negative slope)
and dispersion-flattened fibre (DFF) (reduced slope). A shift of dλ0/dT ∼
0.028 nm/◦C is observed for all fibres. Note that the dispersion profile D(λ)
is red-shifted for increasing temperatures and vice-versa, which is observed
for fibres both with positive and negative S0. The temperature-dependence
of D(λ) observed in the above references is confirmed in a study of HNLFs
similar to those used in this thesis [120]. A 200 m HNLF with λ0 = 1553 nm
and S0 = 0.017 ps nm−2 km−1 was exposed to temperatures between 0◦C
and 40◦C. The variation of λ0 was dλ0/dT = 0.031 nm/◦C (as above),
while the slope S0 was practically constant.
Numerical example
The following numerical example illustrates that the temperature depen-
dence of chromatic dispersion should not have a significant effect on the per-
formance of a typical HNLF-based switch for 640 Gbit/s applications. The
calculation is based on the measured group-velocity dispersion (GVD) of a
500 m HNLF sample. At room temperature, this fibre has λ0 = 1550.5 nm,
where the slope is S0 = 0.018 ps nm−2 km−1. The control and data wave-
lengths are typically located symmetrically around λ0 with a 20 nm spacing,
which results in a minimum walk-off. A length of 50 m is chosen, since this
is used in several of the 640 Gbit/s experiments reported later in this thesis.
At room temperature, the walk-off between control and data pulses is 1.6 fs
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for 50 m of the above sample. We use the reported temperature-dependence
of dλ0/dT = 0.031 nm/◦C (see above). For a typical room-temperature
variation of 10◦C, λ0 is shifted by 0.31 nm, and this only changes the walk-
off by 5.7 fs. For large temperature changes between −40◦C and 70◦C,
as used in the Telcordia GR-63-CORE environmental tests (described in
e.g. [121]), the walk-off will be increased only up to 34 fs. This is relatively
low compared to typical pulse FWHM widths at 640 Gbit/s, which are in
the range 0.5−1 ps. The effect on the pulse width is also negligible, as can
be seen by calculating the (linear) dispersion-induced broadening of a gaus-
sian pulse in the above 50 m HNLF (c.f. chapter 3 in [6]). A gaussian pulse
with FWHM 500 fs, at a wavelength ±10 nm from λ0, will only broaden to
∼ 504 fs at room temperature. For temperature variations between −40◦C
and 70◦C (as above), the resulting changes in the dispersion only cause this
broadening to vary by less than 2 fs.
On this basis, it can be concluded that the temperature-dependence of
chromatic dispersion is not a source of major concern for ultra high-speed
fibre-based switching.
6.3 Acoustic noise
The variations in air pressure due to acoustic noise cause small deformations
of an optical fibre, and can therefore be detrimental to the performance
of a fibre-based switch. Indeed, the NOLM is quite sensitive to acoustic
noise. For a standard winding of the fibre in a NOLM, the two counter-
propagating fields are at different physical locations at a given instant of
time. As a consequence, the two fields will experience different phase shifts
due to the spatial distribution of sound pressure of acoustic noise. This
results in random power fluctuations at the output of the interferometer,
an effect that increases with the fibre length in the NOLM. However, it
has been demonstrated that a symmetrical fibre winding can effectively
counteract this effect [122], a method which is described in section 6.3.1.
Furthermore, section 6.3.2 briefly describes a very interesting technique
known as the Faraday mirror stabilisation scheme, which in some cases can
be used to counteract noise and other birefringence fluctuations.
6.3.1 Symmetrical winding method
The symmetrical winding method for the NOLM has been proposed and
demonstrated in [122], where it is also shown that acoustic noise affects the
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fibre uniformly, in the sense that the main disturbance is on the scalar prop-
agation constant, whereas the influence on the birefringence is very small.
As shown in this study, the effect of acoustic noise on a NOLM can be effec-
tively suppressed by using a symmetrical winding, where the fibre is bent on
the middle and then folded, before it is wound onto a bobbin. In this way,
the two counter-propagating fields are always at the same physical location,
hence experiencing the same phase-shifts due to acoustic noise. This wind-
ing technique was successfully tested in a 10 → 2.5 Gbit/s demultiplexing
experiment with a NOLM containing 3.9 km dispersion shifted fibre (DSF),
subjected to 50-5000 Hz acoustic noise from a loudspeaker placed 1 m
from the bobbin. When using a standard winding for the NOLM, sound
pressures above 78 dBA made error-free demultiplexing (BER< 10−9) im-
possible. When using the symmetrical winding, no receiver penalty was
observed for a sound pressure up to 100 dBA. For comparison, a sound pres-
sure of 100 dBA corresponds to a jack hammer at 10 m distance, 75 dBA
to a passing car at 10 m distance, and 50 dBA to a refrigerator at 1 m
distance (source: http://www.sengpielaudio.com/). In general, the sym-
metrical rewinding of the fibre resulted in a substantial 30 dB increase of
the tolerable noise level, confirming that this technique is a very effective
stabilisation scheme against acoustic noise for fibre interferometers.
6.3.2 Faraday mirror stabilisation
A well-known stabilisation method against perturbations of the birefrin-
gence in an optical fibre is the use of a Faraday rotating mirror (FRM),
which consists of a Faraday rotator (yielding a 45◦ polarisation rotation)
followed by a standard mirror. This configuration behaves as an orthocon-
jugating mirror, since the state of polarisation of an optical field is rotated
by 90◦ upon reflection [123]. Due to the reciprocal birefringence property of
single-mode optical fibres [124], the FRM can compensate for birefringence
disturbances in the fibre if this is used in a double-pass configuration. If an
optical field propagates through a fibre, and then backpropagates through
that same fibre upon orthoconjugation by a FRM, the final output polari-
sation will be normal to the input polarisation, irrespective of the birefrin-
gence in the fibre. This holds as long as any changes in the birefringence
do not occur faster than the double-pass propagation-time of light through
the fibre.
There are only a few examples of the use of this stabilisation method for
non-linear fibre-based switches. The method is suitable in a situation where
back-propagation through the fibre is a possibility. This is the case for the
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Kerr shutter (c.f. section 2.1.3). A Kerr shutter based on both a 680 m
standard single mode fibre (SMF) and a 200 m polarisation-maintaining
(PM)-fibre with a FRM stabilisation scheme have been demonstrated in
[125]. However, the stability of the performance is only tested against
random temperature variations within ∼ 5◦C. An orthoconjugating mirror
can also be realised by using a polarisation beam splitter (PBS) with the
output fibres connected in a loop. This has been used for a double-pass
Kerr shutter based on a 1 km PM fibre [93]. In [126], a FRM is used
in a so-called folded-ultra fast non-linear interferometer (FUNI) based a
500 m DSF, which performs regeneration of 10 Gbit/s data based on non-
linear polarisation rotation. Unfortunately, none of these studies perform a
thorough test against environmental perturbations in order to confirm the
efficiency of the scheme.
6.4 Compact HNLF modules
In order to make fibre-based switches more attractive for commercial use,
it is important to show the feasibility of realising very compact solutions.
This section briefly reviews some recent and quite promising results on
downsized HNLF modules. These HNLFs are of the same type as those
used in this thesis.
In the study on the temperature-dependence of dispersion [120] referred
to in section 6.2.4, the investigated 200 m HNLF is in a compact module
of inner diameter ∼ 4.5 cm (outer: 7.5 cm), corresponding to the size of
a floppy disk. The temperature variations between 0◦C and 40◦C did not
affect the PMD significantly. Further, in a four-wave mixing (FWM) wave-
length conversion experiment with this module, the conversion efficiency
remained almost constant over a range of 25 nm between 0◦C and 40◦C.
Finally, the compact module displayed the same conversion bandwidth as
a conventional large-scale module.
More recent advances have shown the possibility of making even more
compact HNLF modules by reducing the cladding and coating diameters
of the fibre. The cladding diameter can be made as low as 51 µm, enabling
the downsizing of 1000 m HNLF to a bobbin of outer diameter 5 cm and
thickness 0.5 cm [127]. This is done without any substantial impact on the
PMD which is 0.05 ps/
√
km, and while maintaining a low total module loss
below 1.5 dB (including splices). Note that this report does not mention
whether any special procedure such as twisting was used while winding
the fibre onto the compact module, in order to reduce the PMD due to
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the bending. According to equation (6.1), the bend-induced birefringence
for the compact 1000 m module is of the order ∼ 0.5 ps/km, obtained by
inserting the reported values of r = 25.5µm and R = 2.5 cm. However,
such a high value is not observed in practice, since twisting cannot be com-
pletely avoided during the spooling. Indeed, the twists imply that the same
bending-induced slow and fast axis are not maintained throughout the fi-
bre, but are instead gradually changed in a random fashion. This will have
the effect of averaging out the bend-induced birefringence to some extent,
hence lowering the total observable bend-induced PMD. Finally, environ-
mental tests (Telcordia GR-63-CORE) on the downsized HNLF modules
have resulted in small variations < 0.1 ps/
√
km for the PMD, and < 0.1 dB
for the loss [121,128].
Overall, these recent advances have shown the feasibility of manufac-
turing compact HNLF modules with small loss and PMD, as well as low
temperature-dependence. It should also be noted that the task of imple-
menting a temperature-compensation scheme for a fibre-based switch is
facilitated if the constituent HNLF module has a very small physical size.
At this point, it should also be mentioned that special fibres with a
very high non-linear coefficient have been developed, e.g. bismuth oxide
fibres, for which the necessary length for non-linear signal processing can
be reduced to ∼ 1 m. Such short fibres will also be considerably less
influenced by the environment. However, bismuth oxide fibres have sofar
only been tested at bit rates up to 160 Gbit/s [129]. On the other hand,
standard HNLFs have demonstrated their high performance at 640 Gbit/s
in numerous reports, and are still the preferred choice for fibre-based signal
processing at the highest bit rates.
6.5 Conclusion and discussion
It is believed that the development of fibre-based switches with the suffi-
cient stability for commercial applications is possible. This conclusion is
based on the results and experiences from this thesis, as well as the pre-
vious work in the field that has been reviewed in this chapter. By using
existing techniques and knowledge, it should be possible to construct a
fibre-based switch that maintains a stable and reliable function in an envi-
ronment with normal levels of acoustic noise and temperature fluctuations.
Of course, this is a very general statement, and the stabilisation scheme
and its efficiency will depend on the type of fibre-based switch that is con-
sidered. Even though it seems possible to realise very stable configurations
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of e.g. a NOLM based on standard fibre, solutions based on polarisation-
maintaining fibre are most probably the best choice for obtaining the high
reliability and stable operation required in commercial applications. These
two possibilities are discussed separately in the following.
6.5.1 Switches based on standard fibre
It appears to be very challenging to completely stabilise a switch based
on a standard fibre, without using a very efficient scheme for temperature
compensation as well as protection against external stress and physical
movement. The sensitivity to external conditions is largest in the case of
interferometric switches where the interfering fields are spatially separated
(as in the NOLM), since the interference will be affected by very small
phase-fluctuations.
No temperature compensation or shielding
Even though the experiments undertaken here have shown that a loose fibre
coiling can yield a high resilience to the room-temperature fluctuations
occurring in a laboratory context, this is not sufficient for a commercial
version of the NOLM. Indeed, the residual temperature-dependence of the
bend-induced birefringence, as well as the overall thermal expansion have
to be taken into account (c.f. section 6.2.3). Even though a good resilience
against temperature fluctuations has been reported for compact modules
of standard HNLF, it is not expected to be on the level which would keep
e.g. an interferometer stable. Note that acoustic noise can effectively be
compensated without shielding by using the symmetrical winding method
for a NOLM.
Kerr shutters are expected to have a better resilience to environmental
disturbances, since they rely on a phase-relationship between two perpen-
dicular field-components that co-propagate inside the fibre. Indeed, acous-
tic noise does not affect the birefringence, as pointed out in [122]. When
it comes to other disturbances of the birefringence, Faraday stabilisation
can provide a compensation for the Kerr shutter (c.f. section 6.3.2), but
the efficiency of this scheme in the context non-linear switching should be
tested more thoroughly. Furthermore, the backpropagation will necessitate
a compensation method against the counter-cross phase modulation (XPM)
effect, similarly to the NOLM. Switches that do not rely on interference
should provide a more stable performance. This is the case of FWM-based
switches, but these generally require a precise alignment of pump- and
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probe polarisations, a state which can deteriorate for larger variations of
the birefringence due to the different wavelengths (c.f. section 2.2.2 on
PMD diffusion). Furthermore, the FWM process can be more sensitive
to the small temperature-induced variations of the dispersion discussed in
section 6.2.4.
Temperature compensation and shielding
Following the discussion above, a stabilisation scheme for keeping a constant
fibre temperature therefore appears to be necessary. This should be feasible
considering the recent advances in reducing the size of HNLF modules,
which will enable very compact fibre-base switches. Furthermore, such
temperature-stabilised devices could be packaged into compact solutions
where the fibre is well shielded against environmental stress influences.
However, it would be a great advantage if such measures for shielding and
stabilisation can be avoided. This should to a large extent be possible for
switches based on PM fibre as discussed below.
6.5.2 Switches based on polarisation-maintaining fibre
Indeed, the most promising solution for commercial applications appears to
be PM-based fibre switches, since the polarisation state of light propagating
through a PM fibre is held in a fixed linear state, due to the high internal
birefringence. This should avoid the problematic stability issues of standard
fibres related to the high sensitivity of the internal birefringence.
Switches based on PM fibre have already been demonstrated, includ-
ing NOLMs [89, 106, 130, 131], Kerr shutters [93, 125], and (polarisation-
independent) FWM switches [90]. Unfortunately, environmental tests such
as the Telcordia GR-63-CORE have not been reported for these switches.
In this thesis, PM based versions of the switches used for 640 Gbit/s time-
division add-drop multiplexing (TADM) are proposed: The PM-STADM
(section 3.6) and the PM-NPRL (section 4.4). Notice that a symmetrical
winding can in principle be used for the PM-HNLF in both switches, in
order to compensate for acoustic noise.
In order to conclude that a PM-based fibre-switch is completely stable
towards the environment, the resilience of the internal high birefringence
against larger temperature-changes and external stress should be further ex-
amined. Even a small dependence on external conditions might deteriorate
the performance of interferometric switches such as the PM-STADM and
PM-NPRL. Further, there remains the residual temperature-dependence
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from the dispersion profile and the thermal expansion of the fibre. If this
constitutes a problem, a temperature stabilisation scheme is required as
above. In this respect, it could be interesting to investigate the possibil-
ity of manufacturing compact PM-HNLF modules, as those developed for
standard HNLFs (section 6.4).
As a topic for future work, it could be very interesting to implement
the PM switches discussed above. These should then be based on compact
PM-HNLF modules, and supplementary stabilisation techniques such as
a symmetrical fibre winding or temperature compensation could also be
included. Thorough environmental testing (including acoustic noise) should
then be performed, in order to verify that the stability expected from such
PM switches can truly fulfill the requirements for commercial applications.
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Chapter 7
Semiconductor-based Clock
Recovery
This chapter describes the results on clock recovery obtained during an ex-
ternal research stay in the Electro-Optical Communications (ECO) group
at the Technical University of Eindhoven (TU/e). The purpose of the stay
was to participate in the on-going work of this research group on signal
processing using semiconductor optical amplifiers (SOAs), with the partic-
ular aim of achieving clock recovery from a 640 Gbit/s OTDM signal using
an SOA-based technique. This goal was achieved, and the 640 Gbit/s
SOA-based clock recovery (CR) experiments described here demonstrate
a higher operating bit rate than any clock recovery scheme previously re-
ported (before this work). The members of the ECO group are credited
for the development of the technique of filtered chirp from an SOA which
is used for phase comparison, as well as the design of the clock recovery
circuit.
In section 7.1, after a brief background description of CR for OTDM
systems, the technique of filtered chirp from an SOA will be explained.
This technique allows to achieve a response from the SOA which is fast
enough for 640 Gbit/s signal processing. After this follows a description of
the CR circuit, a so-called optoelectronic injection-locked loop. Section 7.2
contains the experimental results where the CR circuit is tested in three
trials: a 640 Gbit/s back-to-back experiment, a 640 Gbit/s lab-transmission
over 50 km, and finally in a 320 Gbit/s field-trial transmission over 54 km.
Clock recovery is successfully achieved in all three cases. The recovered
clock has a low timing jitter, and the optical power requirement of the CR
circuit is very low.
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7.1 Introduction
7.1.1 Clock recovery from OTDM data signals
In an optical time-division multiplexing (OTDM) transmission system, it
is necessary to retrieve a clock running at the base rate of the constituent
channels of the received OTDM data signal. This will enable access to the
individual channels, which is required for operations such as demultiplexing
and time-division add-drop multiplexing (TADM). The recovered clock
can be in electrical form, which can be used to synchronise a control pulse
source, or used directly as a gating signal in an electrooptic switch such as
an electro-absorption modulator (EAM). The clock can also be retrieved in
the form of an optical pulse train at the base rate, which can then be used
directly as control pulses for gating the OTDM data in e.g. a non-linear
switch.
The basic problem of OTDM clock recovery is that a perfectly mul-
tiplexed OTDM data signal does not contain a frequency component at
the base rate for direct extraction. For this reason, most CR schemes for
OTDM signals involve a pre-scaled clock running at a frequency near the
base rate. The CR scheme will then tune the frequency of the pre-scaled
clock and phase-lock it to a base rate channel in the OTDM signal. This
requires a phase-comparison between the pre-scaled clock and the base rate
data, which generates a signal to control some feed-back scheme that en-
sures the phase-locking. The feed-back is often provided via a phase-locked
loop (PLL) that uses the phase-comparator output as an error signal to
adjust the frequency and phase of the pre-scaled clock. At OTDM bit
rates beyond ∼ 100 Gbit/s, a phase-comparison in the electric domain
becomes impossible due to the limited response-time of current electronic
components. Therefore, an optical phase-comparison becomes necessary,
since this enables much faster response times. Basically, the situation for
a phase-comparator is the same as for a demultiplexer, which must have a
response time below the time-slot duration and extracts a copy of the base
rate data. In many cases, a technique used for demultiplexing can also be
used for phase comparison in a CR circuit. However, the requirements on
the signal quality from a phase-comparator for CR are generally lower, since
the output signal is not intended for data processing. The highest reported
OTDM bit rate for a CR scheme before this project was 400 Gbit/s [132].
This was achieved in a PLL-based circuit, where a 6.3 Gb/s base rate is
recovered by using four-wave mixing (FWM) in an SOA for optical phase
comparison between the 400 Gbit/s OTDM data and a pre-scaled 6.3 GHz
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pulse train. In [133], a EAM is used for phase-comparison between a 40 GHz
electrical driving clock signal and a 320 Gbit/s OTDM data signal, in order
to achieve pre-scaled recovery of the 40 GHz base rate clock (also with a
PLL). In [134], 10 GHz clock recovery from 320 Gbit/s data is achieved
(in a PLL) by optical phase comparison in an SOA by the same filtered-
chirp technique as employed in this chapter (see section 7.1.2). After the
demonstrations of 640 Gbit/s clock recovery performed during this project
at the TU/e (c.f. [135], and results described here), clock recovery from
640 Gbit/s was also achieved using a periodically-poled lithium niobate
module [136]. In this device, the optical phase-comparison is based on the
χ(2)-effect of sum-frequency generation. The above references cover the
demonstrations of clock recovery from OTDM bit rates of 320 Gbit/s and
above. At lower bit rates, a much larger number of techniques for CR have
been demonstrated, and a good overview can be found in e.g. [137].
An alternative to these CR schemes is to let a base rate clock signal
co-propagate with the OTDM data signal, and then to detect and use this
clock signal directly. This has been done in e.g. a pioneering 640 Gbit/s
OTDM transmission experiment [10]. Another way is to ’mark’ the OTDM
data with a base rate component, which can be extracted by a much simpler
scheme that does not require any pre-scaled clock and phase-comparison.
This mark can be imposed on a particular channel, and will therefore also
provide the means for a channel identification scheme. The channel mark
can be in the form of a different polarisation, amplitude, or spectral width
as in [138], or by modulation with a so-called pilot tone [139].
7.1.2 The SOA as optical phase comparator
The phase comparison used here is based on so-called filtered chirp from
an SOA. This technique employs subsequent optical filtering to extract a
response from the SOA which is much faster than its inherent gain recovery
time, thereby externally increasing the modulation bandwidth [140,141]. In
this way, successful demonstrations of 640 Gbit/s OTDM demultiplexing
[8], 320 Gbit/s OTDM wavelength conversion [142] and 320 Gbit/s OTDM
clock recovery [134] have been performed, using SOAs with gain recovery
times well above the OTDM time slot. A good explanation of the technique
can be found in e.g. [143], which also provides the basis of the following
brief review.
The data signal is injected into the SOA to act as a pump (or control)
signal, and modulates a co-propagating probe signal which is carefully fil-
tered to obtain the high-speed response. The technique is the same both for
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wavelength conversion and demultiplexing: a continuous wave (CW) probe
is used for wavelength conversion, and can be replaced by a pulse train at
the OTDM base rate to obtain demultiplexing operation. The possibility
of a high-speed SOA response originates in the fact that the slow gain re-
covery conceals a much faster frequency (or chirp)-response occurring on
the time-scale of the pump pulse. This is because the latter modulates not
only the SOA gain, but also the refractive index inside the SOA. At the
leading edge of the pump pulse, there will be a fast red-shift that peaks
even before the gain reaches its minimum, which happens approximately at
the peak of the pump pulse. Following the red-shift, there is a fast increase
of the chirp and it crosses the zero-level (the probe carrier frequency) when
the gain reaches the minimum. After this follows a weaker blue-shift, and
then the chirp slowly decreases towards zero on the time-scale of the gain
recovery. The technique of filtered chirp used here relies on extracting, or
isolating, the fast response of the red-shift from the overall slower SOA
dynamics by using a bandpass filter after the SOA. This filter is slightly
blue-shifted relative to the probe, such that the probe center wavelength
is situated on the slope of the filter pass-band. If a CW probe is consid-
ered, the red-shift due to the pump pulse will thus translate into a sharp
drop in the power transmitted through the filter, followed by a fast increase
towards the initial power value with a suppressed overshoot. Indeed, the
overshoot that would result alone from the increased transmittance through
the (blue-shifted) filter due to the following blue-shift, is counteracted by
the lower gain. If the filter profile and detuning are carefully selected, the
slow recoveries of the gain and blue-shift after the pump pulse can be made
to nearly cancel each other out. It is important to note that this filtering
technique leads to an inverted copy of an on-off keying (OOK) data signal
onto the filtered probe signal. Transformation of the converted data back
to the original non-inverted format can be achieved by using e.g. a delayed
interferometer [142, 144]. In the case of demultiplexing, this step is not
strictly necessary since the inverted base rate data can be detected directly
by the receiver. Note that non-inverted wavelength conversion can also
be achieved if the filter is sufficiently detuned to suppress the CW probe
carrier wavelength, as demonstrated in [145].
The demultiplexing technique explained above is used as a means for
phase comparison inside the CR circuit, where a pre-scaled clock signal
must be synchronised and locked to the incoming 640 Gbit/s OTDM data.
The clock recovery circuit is described in the following section.
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Figure 7.1: The clock recovery circuit. This is an OEO consisting of an SOA and
BPF for optical phase-comparison between the incoming 640 Gbit/s OTDM data and
the internal 40 GHz clock pulse train. The 40 Gb/s output of the phase-comparator is
transformed to the electrical domain by a 43 GHz photoreceiver, and used as input to an
injection-locked Gunn-oscillator (Gunn). The 40 GHz output of the Gunn oscillator is
used to synchronise the 40 GHz clock pulse source (MLFRL) via a PLL internal to this
laser. The variable time-delay ∆t is used to adjust the loop length to match the 40 GHz
baserate of the OTDM data signal.
7.1.3 The clock recovery circuit
The circuit used for clock recovery is an injection-locked optoelectronic
loop, or OEO. Previous examples of CR where an OEO is employed can be
found in e.g. [146–148]. The basic configuration of the CR circuit is shown
in Figure 7.1. The actual circuit used in the experiments contains some
additional components to optimise the performance, and will be shown
later.
First of all, the loop contains a pulse source to generate the pre-scaled
clock signal at the base rate, which is 40 GHz in these experiments. The
pulse source is a MLFRL from Calmar Optcom, emitting pulses with a
FWHM of < 1 ps, at a repetition rate of 40 GHz and with a (tunable)
wavelength λclock. The 640 Gbit/s OTDM data signal (single polarisation
OOK, wavelength λdata) is coupled into the loop and injected into the
phase comparator consisting of the SOA (specifications at the end of this
section) and the BPF, with enough power to act as pump. The 40 GHz
clock pulses are injected into the SOA with a relatively low power and
act as the probe signal. The phase comparison between the OTDM data
and the clock signal takes place according to the technique of filtered chirp
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described above. After the BPF, the filtered clock pulses thus constitute a
∼ 40 Gbit/s ’demultiplexed’ signal containing the relative phase between
the pre-scaled clock and the base rate data in the OTDM signal. The
signal is then converted into the electrical domain by a photoreceiver with
a 43 GHz bandwidth, consisting of a photodiode followed by a built-in
transimpedance amplifier (TIA) (from u2t, model no. XPRV2021). The
resulting electrical ∼ 40 Gbit/s signal is then injected into an injection-
locked 40 GHz Gunn oscillator (from Quinstar, model no. QTI40100). The
Gunn oscillator locks to the input signal and emits a high-quality, low-jitter
electrical sine at the same repetition rate as the input, and with an output
power of 10 dBm. The Gunn output signal is then used to trigger the
40 GHz MLFRL via an internal PLL.
In order to achieve a successful locking of the circuit to the OTDM
base rate, both the free-running frequency of the un-locked Gunn oscillator
and the loop length must be adjusted to match the incoming OTDM base
rate. The experimental procedure is briefly explained in the following. The
Gunn oscillator is an injection-locked microwave oscillator [149], where the
internal cavity is mechanically tunable. Before closing the loop, the Gunn
cavity is coarsely adjusted so that the output signal frequency of the free-
running (un-locked) Gunn oscillator is close the OTDM base rate. The DC
voltage supply controlling the Gunn diode current can be used to fine-tune
the free-running frequency. The loop is then closed such that the output
of the phase-comparator is injected into the Gunn oscillator. A variable
time-delay is then adjusted to achieve phase-matching after a round-trip in
the circuit for the 40 GHz base rate of the incoming OTDM data signal.
When this condition is met, the circuit locks to the incoming OTDM data
signal and emits a recovered 40 GHz base rate clock signal. This clock can
be extracted in electrical form from the Gunn oscillator via an electrical
splitter, and also as an optical pulse train via a coupler after the MLFRL, as
shown in Figure 7.1. While operating the CR circuit, the electrical output
signal is monitored with an electrical spectrum analyser (ESA) which is
used both to fine-tune the free-running Gunn frequency, and to measure
the spectrum and single side band (SSB) phase noise of the recovered clock.
The optical clock is monitored by an oscilloscope, which is triggered by
the synthesiser also delivering the base rate clock signal to the OTDM
transmitter.
Note that the locking performance of the Gunn oscillator depends on the
offset between the injected frequency and the internal resonance frequency
(free-running), as well as on the injected power. The locking range of the
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Gunn oscillator was measured to∼ 39.4 MHz. This was done by first setting
the free-running frequency at the base rate of fc = 39.811967 GHz. The
Gunn oscillator was then injection-locked with the output of an electrical
synthesizer running at fc and with a power of −7 dBm. The synthesizer
frequency was then slowly detuned, both to lower and higher values, until
the Gunn oscillator went out of lock. There is no temperature stabilisation
of the Gunn cavity, and the resonance frequency will therefore slightly drift
due to ambient temperature fluctuations. However, the Gunn oscillator
remains locked as long as the injected power is sufficient to detune the
internal oscillation to the injected frequency. For optimum operation of the
CR circuit in terms of locking stability and timing jitter, the typical input
power to the photoreceiver before the Gunn oscillator is about −3 dBm.
Note also that the phase difference between the injected signal and the
locked Gunn oscillator output can be adjusted by slightly tuning the DC
voltage to the Gunn diode.
SOA parameters
The SOA used here is designed with high optical confinement which is
suitable for high-speed non-linear signal processing. The length of the SOA
is 1.9 mm and it receives a 400 mA bias current. The carrier recovery time is
about 8 ps. The small-signal gain at 400 mA is 13-14 dB and the saturation
output power is 12 dBm. The SOA has a polarisation dependence of 2-3 dB.
When the technique of filtered chirp is used with this SOA, the recovery
time can be reduced to < 1 ps when using short (< 1 ps) pump pulses [8],
as contained in a 640 Gbit/s OTDM data signal. This response time has
enabled 640 Gbit/s demultiplexing as demonstrated in [8], and allows for
phase-comparison at 640 Gbit/s as shown in the following.
7.2 Experiments
Three different demonstrations of clock recovery were performed with the
SOA-based CR circuit described in the previous section. In all the ex-
periments, the data signal is a single-polarisation OTDM signal encoded
by OOK with a pseudo random bit sequence (PRBS) pattern. The first
demonstration is clock recovery from 640 Gbit/s data in a back-to-back situ-
ation (section 7.2.1). Then, clock recovery is demonstrated from 640 Gbit/s
data transmitted over 50 km in the laboratory (section 7.2.2). Finally, a
field-trial is performed by achieving clock recovery from 320 Gbit/s data
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Figure 7.2: Experimental set-up for SOA-based clock recovery from 640 Gbit/s OTDM
data. (a) The OTDM transmitter, where the base rate is 40 GHz: The pulses are
modulated at 40 Gbit/s, resulting in a 640 Gbit/s OTDM signal consisting of 16 ×
40 Gbit/s channels. (b) The circuit used for clock recovery. Inset: Eye diagram of the
640 Gbit/s data measured by a 700 GHz optical sampling oscilloscope.
transmitted over a 54 km installed fibre-link (section 7.2.3). In all three
cases, the SOA-based CR circuit successfully recovers the clock with a very
low timing jitter < 200 fs.
7.2.1 640 Gbit/s clock recovery back-to-back
Experimental set-up
The 640 Gbit/s OTDM transmitter is shown in Figure 7.2 (a). A 10 GHz
mode-locked fibre laser (MLFL) generates pulses at λdata = 1544 nm.
These are multiplexed up to a 40 GHz repetition rate by a passive fibre-
delay line multiplexer (MUX), followed by OOK modulation with a PRBS
pattern in a Mach-Zehnder interferometer (MZI). The PRBS sequence
is either of length 27 − 1 or 231 − 1, in order to test the data pattern
dependence of the clock recovery scheme. The adjustable time-delay ∆t
ensures that the 40 GHz pulses are temporally aligned with the modulat-
ing pattern in the MZI. The resulting 40 Gb/s pulses then enter a pulse
compression stage based on the technique of self phase modulation (SPM)-
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chirping and off-carrier filtering described in section 2.3.3. The dispersion-
flattened highly non-linear fibre (DF-HNLF) used here (kindly provided
by OFS Fitel Denmark) has a length of 500 m, a non-linear coefficient of
γ = 10.5 W−1km−1, a dispersion of D = −0.43 ps/(nm · km) and disper-
sion slope S = 0.006 ps/(nm2 · km) at 1545 nm. After the compression
stage, the 40 Gbit/s pulses are multiplexed up to 640 Gbit/s (MUX). The
entire data signal is in a single polarisation, which is ensured by passing the
compressed 40 Gbit/s through a polariser before entering the polarisation-
maintaining MUX stages. The inset in Figure 7.2 shows an eye diagram of
the 640 Gbit/s data, obtained with a 700 GHz bandwidth optical sampling
oscilloscope with a resolution of ∼ 1 ps (Agilent 86119A). The full width at
half maximum (FWHM) data pulse width is ∼ 600 fs. Note that the MUX
stages used here are built for maintaining a 27 − 1 PRBS pattern in the
output OTDM data. A 231 − 1 PRBS pattern for the 40 Gb/s data after
the MZI is therefore not conserved after the multiplexing to 640 Gbit/s
(the resulting bit sequence was not determined). However, changing the
PRBS sequence at the MZI in the OTDM transmitter, was the only way
to modify the 640 Gbit/s OTDM data pattern in order to test the clock
recovery for pattern dependence. After the MUX, the 640 Gbit/s OTDM
data signal is amplified, BPF-filtered and coupled into the CR circuit.
The CR circuit is shown in Figure 7.2 (b). It is in principle the same
as in Figure 7.1, except for some additional components to improve the
performance. Two concatenated BPFs of bandwidths 1.3 nm and 1.5 nm
are used after the SOA for the off-carrier probe filtering. This is in order to
achieve a larger slope of the filter pass-band at the probe center wavelength
(λclock) and thereby a larger contrast (eye opening) in the demultiplexed
signal. An erbium doped fibre amplifier (EDFA) is inserted between the
BPFs to compensate for the loss due to the detuning relative to the probe.
The demultiplexed signal is polarisation-filtered by a polarisation beam
splitter (PBS) in order to improve the signal quality. The wavelength of
the MLFRL generating the 40 GHz clock pulses (with FWHM< 1 ps) is
centered at λclock = 1563.5 nm. After the SOA, the modulated clock pulses
are off-carrier filtered by the two BPFs which are centered at 1561.6 nm.
The input powers to the SOA are 6.5 dBm for the 640 Gbit/s data (pump),
and −14 dBm for the 40 GHz clock pulses (probe). The input power into
the photoreceiver before the Gunn oscillator is set to −4 dBm. Note that
the various power levels are controlled by variable optical attenuators.
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Figure 7.3: Eye diagrams and optical spectra from the CR circuit when it is locked to
the 640 Gbit/s OTDM data. The eye diagrams are measured with a 700 GHz sampling
oscilloscope triggered by the synthesizer in the OTDM transmitter (c.f Figure 7.2 (a)).
(a) Trace of the recovered 40 GHz optical clock (top) and eyes of the 640 Gbit/s data
(bottom) at the input to the SOA. (b) Optical spectra at the input and output of the
SOA, and after the two BPFs (res. 0.06 nm). (c) Eye diagram of the phase comparator
output (note that the CR circuit locks to the slope of the data pulses).
Results
The CR circuit successfully locks to the 640 Gbit/s OTDM data and recov-
ers the 40 GHz base rate clock. Figure 7.3 shows spectra and eye diagrams
obtained from the CR circuit (via optical taps) in a situation where it is
locked to the OTDM base rate. Figure 7.3 (a) shows the recovered 40 GHz
optical clock and the 640 Gbit/s data at the SOA input. The correspond-
ing spectra are shown in Figure 7.3 (b), which also contains the spectra
directly after the SOA, and after the two BPFs. Figure 7.3 (c) shows the
eye of the filtered clock pulses at the output of the phase comparator. The
eye is partially closed because the CR circuit locks on to the slope of the
data pulses.
The recovered electrical clock from the Gunn oscillator is evaluated by
measuring the single sideband phase noise to carrier ratio (SSCR), simply
called the SSB phase noise, by using an electrical spectrum analyser (ESA).
The SSB phase noise is measured from an offset of 10 Hz to 100 MHz from
the carrier frequency fc. This can be integrated to obtain a value for the
RMS timing jitter τrms of the electrical clock, according to the formula
τrms =
1
2pifc
√
2
∫
S(f) df, (7.1)
where S(f) is the measured SSB phase noise to carrier spectrum [150].
Examples of the measured SSB phase noise spectra S(f) are shown in Fig-
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Figure 7.4: Measured SSB phase noise of the recovered electrical clock (output of the
Gunn oscillator), both for a 27 − 1 and 231 − 1 PRBS pattern at the MZI in the OTDM
transmitter. The timing jitter values are obtained by integration of the phase noise over
the entire measured range of 10Hz-100MHz.
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Figure 7.5: Timing jitter of the electrical clock from the Gunn oscillator, for a 27 −
1 (left) and 231 − 1 (right) PRBS pattern. The jitter is measured for photo-receiver
input powers of -4 dBm, -5.5 dBm, and -7 dBm. Filled symbols: clock recovered from
640 Gbit/s using the CR circuit. Empty symbols: clock obtained by direct injection-
locking with the 40 Gb/s output of the MZI in the OTDM transmitter. In each case, the
jitter is computed for three SSB phase noise integration ranges: 10Hz-100MHz (squares),
100Hz-100MHz (circles) and 100Hz-10MHz (triangles).
ure 7.4, both for a 27− 1 and 231− 1 PRBS data modulation at the MZI in
the OTDM transmitter. The phase noise behaviour is very similar in both
cases, and the corresponding RMS jitter values obtained by integration over
10Hz-100MHz are 128 fs and 125 fs, respectively. Two other (smaller) inte-
gration ranges are also selected for calculating jitter values: 100Hz-100MHz
(to move the lower limit further away from the carrier), and 100Hz-10MHz
(to avoid what appears to be a noise floor beyond 10MHz). The corre-
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sponding jitter values are plotted in Figure 7.5 (filled symbols), measured
for three different input powers to the photo-receiver of -4 dBm, -5.5 dBm,
and -7 dBm (x-axis). Below -7 dBm where a slight increase of the Gunn
timing jitter can be observed, the locking of the CR circuit became too
unstable to perform phase noise measurements. The jitter values for the
recovered clock are very similar for both PRBS patterns. For comparison,
the jitter of the Gunn oscillator output is also measured when it is directly
injection-locked with a 40 Gbit/s data sequence, taken at the output of the
MZI in the OTDM transmitter (empty symbols in Figure 7.5). In this case,
the phase noise contribution from the 10Hz-100Hz range near the carrier
appears to be slightly higher when the longer PRBS is used for injection-
locking, which could be attributed to a small pattern dependence of the
Gunn oscillator. This can be seen by comparing the empty squares in the
left and right plots in Figure 7.5. The phase noise behaviour beyond 100 Hz
is close to identical for both PRBS patterns. In the case of 640 Gbit/s CR,
the phase noise below 100 Hz is more similar for both PRBS (filled squares).
This might be due to the smaller difference between the 0-level and 1-level
in the injected 40 Gb/s signal (c.f. Figure 7.3) for the locked CR circuit,
hence reducing the effect of the Gunn oscillator pattern dependence. When
considering the phase noise beyond 100 Hz, there appears to be a slight jit-
ter increase for the longer PRBS when the photoreceiver input power is
lowered towards -7 dBm (c.f. filled circles and triangles in the right plot).
The reason for this is uncertain. It could be attributed either to a drift
in the overall system performance, or perhaps traced back to a small pat-
tern dependence in the SOA. Overall, these SSB phase noise measurements
clearly show that the clock is recovered with a low jitter, i.e. < 150 fs for
the entire 10Hz-100MHz range. The large contribution to the integrated
jitter from the < 100 Hz range is attributed to the lower integration limit
being too close to the carrier.
For practical reasons, the SSB phase-noise of the optical clock from
the MLFRL could not be measured with the ESA when the CR circuit
was operational. Instead, the 700 GHz sampling oscilloscope (triggered by
the synthesiser) was used to collect eye diagrams of the recovered optical
clock pulses. Unfortunately, the measurable jitter with this oscilloscope is
limited to ∼ 150 fs, which is above the jitter of the recovered optical clock
pulses, shown in Figure 7.6 (b). For comparison, Figure 7.6 (a) shows the
optical clock pulse when the MLFRL is triggered directly by the electrical
clock from the synthesizer. It is not possible to observe any difference in
the timing jitter between the two cases. However, it is expected that the
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Figure 7.6: The 40 GHz optical clock from the MLFRL. Eye diagrams obtained with
the 700 GHz sampling oscilloscope triggered by the synthesizer, when the MLFRL is
triggered by: (a) the synthesizer, (b) the Gunn oscillator in the CR circuit locked to the
640 Gbit/s data. Graph (c) shows the SSB phase noise of the electrical 40 GHz synthesizer
clock and of the 40 GHz optical pulses from the MLFRL, triggered by the synthesizer
(corresponding to (a)). For comparison, this graph also shows the SSB spectrum of the
Gunn oscillator from Figure 7.4 (PRBS 27 − 1).
jitter of the recovered optical clock does not exceed the jitter of the Gunn
oscillator output (which triggers the MLFRL in the CR circuit). This
expectation is based on Figure 7.6 (c), where the phase noise of both the
MLFRL output and the corresponding electrical trigger can be compared.
This measurement is performed in the back-to-back situation where the
40 GHz electrical clock obtained from the synthesiser triggers the MLFRL,
instead of the Gunn oscillator. Here, it can be seen that the phase-noise
in the range 100kHz-10MHz of the electrical trigger is suppressed by the
MLFRL, a behaviour which is attributed the internal PLL taking care of
the synchronisation. Indeed, the integrated 100Hz-10MHz jitter is reduced
from 88 fs to 55 fs when going from the trigger to the MLFRL output.
In the CR circuit, the synthesiser is replaced by the Gunn oscillator. For
comparison, the SSB phase noise of the Gunn oscillator from the locked
CR circuit is also shown in Figure 7.6 (c) (the 100Hz-10MHz jitter is 70 fs).
It can be seen that the phase noise in the range ∼1MHz-10MHz for the
Gunn oscillator exceeds that of the MLFRL output from the back-to-back
situation. A suppression of this phase noise by the MLFRL is therefore
also expected in the clock recovery situation.
It can be concluded that the CR circuit successfully locks to the base
rate of the input 640 Gbit/s OTDM data, and delivers both an electrical
and optical clock with very low phase noise. The low jitter values indicate
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that the recovered clock is highly suitable for driving e.g. a jitter-sensitive
640 Gbit/s demultiplexer. This is based on the numerical study in [33],
where it is found that a clock (control pulse) jitter below 1/12.2 × time-slot
ensures error-free demultiplexing operation (BER< 10−9). At 640 Gbit/s,
this limiting jitter value is equal to 128 fs, which is well above the values
measured here for the electrical clock (in the SSB range 100Hz-100MHz).
7.2.2 640 Gbit/s clock recovery after transmission
In the following experiment, the CR circuit is used to perform clock recovery
on 640 Gbit/s OTDM data transmitted over 50 km. The recovered clock is
characterised by SSB phase noise measurements, similarly to the previous
back-to-back experiment. The results show that the 640 Gbit/s input power
to the SOA can be set to a value as low as −6 dBm, while still maintaining
a low-jitter in the recovered clock.
Experimental set-up
The experimental set-up is shown in Figure 7.7. The set-up for the trans-
mitter and CR circuit are the same as in Figure 7.2, except for new wave-
length allocations of the pulse sources (see below). The transmission span
consists of 26 km of single mode fibre (SMF) followed by 24 km of inverse
dispersion fibre (IDF) (kindly provided by OFS Fitel Denmark). This span
was selected out of a number of available fibre spans, since the specified
dispersion profile displays a well-compensated dispersion over a wide wave-
length range. The dispersion profile of the SMF+IDF span is shown in
Figure 7.8, where (a) shows the dispersion of the total 50 km span, and (b)
shows the total dispersion from (a) per km in the relevant wavelength range
of 1540-1570 nm. These dispersion data are obtained from the specification
Figure 7.7: Experimental set-up for 640 Gbit/s transmission followed by clock recovery.
The 640 Gbit/s OTDM transmitter and the CR circuit are as shown in Figure 7.2, except
for a few details described in the text.
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sheet. In general, the requirements on the dispersion compensation are high
for the transmission of narrow 640 Gbit/s data pulses. The total disper-
sion of the span should be ideally zero over the entire spectral bandwidth
of the pulses in order to recover them without broadening or distortions af-
ter transmission (ignoring the non-linear impairments). A numerical study
has shown that in order the keep the transmission induced penalty below
1 dB for a 640 Gbit/s data signal, the residual (uncompensated) values
of the dispersion and dispersion-slope must be less than 0.13 ps/nm and
0.07ps/nm2, respectively (corresponding to ∼ 7 m of SMF) [151]. Although
the specified residual dispersion of the SMF+IDF span is positive, an ad-
ditional length of ∼ 125 m of standard SMF was required to recover the
transmitted narrow 640 Gbit/s pulses. Unfortunately, it was not possible
to measure the dispersion profile of the total span including the additional
SMF, in order to make e.g. a comparison with the requirements cited
above. However, the 700 GHz sampling oscilloscope traces in Figure 7.8
(c) and (d) show that ∼ 700 fs compressed pulses for 640 Gbit/s (shown
at 320 Gbit/s) are transmitted with negligible pulse broadening (autocor-
relations were not recorded). These pulses are obtained by tuning the data
pulse source to 1560 nm, and by off-carrier filtering the SPM-broadened
spectrum at λdata = 1554 nm (c.f. description of the compression tech-
nique in section 2.3.3). The wavelength of the MLFRL in the CR circuit
is shifted to λclock = 1538 nm. The polarisation controllers and the PBS
in Figure 7.7 were included in the set-up to give the possibility of reducing
the effect of polarisation-mode dispersion (PMD) in the fibre. However,
the influence of PMD was practically negligible with this SMF+IDF span
(specifications on the residual PMD were not available). The total loss of
the span is ∼ 18 dB, and the 640 Gbit/s data is transmitted with an input
power of 10 dBm.
The power requirement of the SOA is lower in this experiment, which is
attributed to the new allocation of λdata = 1554 nm and an asymmetry in
the gain spectrum of the SOA. Due to the gain asymmetry, the pump power
(640 Gbit/s data) needed to achieve sufficient gain- and phase modulation
for the filtered-chirp technique can be lowered compared to the back-to-back
experiment, where λdata was allocated to 1544 nm. Indeed, the average
640 Gbit/s input power to the SOA can be set to 0 dBm, and lower values
are also possible as will be seen in the following. The input power to the
SOA of the 40 GHz optical clock is −14 dBm as before. The input power
into the photoreceiver before the Gunn oscillator is set to −3 dBm.
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Figure 7.8: Dispersion of the 26 km SMF + 24 km IDF transmission span (obtained
from the specification sheet) and transmitted pulses. (a) Total dispersion of the combined
50 km SMF+IDF span. (b) Dispersion per km in the range 1540-1570 nm of the combined
50 km SMF+IDF span. Notice, the span is post-compensated by ∼ 125 m of SMF for
the 640 Gbit/s transmission experiment. Eye diagrams from a 700 GHz optical sampling
oscilloscope: (c) Compressed ∼ 700 fs pulses at 1554 nm at the input to the span, (d)
the recovered pulses after the SMF+IDF span and additional ∼ 125 m SMF.
Results
The results show that the CR circuit recovers the base rate clock from the
transmitted 640 Gbit/s data with low jitter values, comparable to those
obtained in the back-to-back trial.
First of all, Figure 7.9 shows the optical spectra at the input and output
of the SOA, and after the two BPFs in the phase comparator. The spectrum
of the transmitted 640 Gbit/s data is centered at λdata = 1554 nm, and
the spectrum of the 40 GHz MLFRL clock pulses is centered at λclock =
1538 nm. The two BPFs are centered at 1536 nm. Figure 7.10 (a) and (b)
show eye diagrams of the 640 Gbit/s data before and after transmission,
respectively. As in Figure 7.8, it can be seen that the pulses are only
slightly broadened after transmission, and the FWHM pulse width is well
below 1 ps at the input to the SOA (autocorrelations were not performed to
precisely determine the extent of pulse broadening). Figure 7.10 (c) show
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Figure 7.9: Optical spectra, measured at the input and output of the SOA, and after the
two BPFs centered at 1536 nm in the phase comparator (res. 0.06 nm). The input/output
SOA spectra show the transmitted 640 Gbit/s data at λdata = 1554 nm and the 40 GHz
MLFRL clock pulses at λclock = 1538 nm.
Figure 7.10: Eye diagrams obtained with the 700 GHz optical sampling oscilloscope
(triggered by the synthesizer in the OTDM transmitter). (a) The 640 Gbit/s data at the
output of the OTDM transmitter (0 km), (b) The transmitted 640 Gbit/s data (after
50 km, at the SOA input), (c) The recovered 40 GHz clock from the MLFRL (inset:
zoom-in on a single clock pulse).
the recovered 40 GHz optical clock obtained from the MLFRL, and the
inset shows a zoom-in on a single pulse. Note that all eye diagrams are
obtained from the 700 GHz optical sampling oscilloscope which is triggered
by the electrical synthesiser at the OTDM transmitter (c.f. Figure 7.2 (a)).
Figure 7.11 shows the electrical power spectrum (a) and SSB phase
noise (b) of the recovered electrical clock from the Gunn oscillator. These
are recorded both for a 27 − 1 and 231 − 1 PRBS pattern (OOK) on the
base rate channels of the 640 Gbit/s data, which is injected at 0 dBm into
the SOA. No pattern-dependence of the performance can be inferred from
these graphs. The 640 Gbit/s data input power to the SOA is lowered
to −3 dBm and −6 dBm, and the CR circuit locks in both cases. Val-
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Figure 7.11: The recovered 40 GHz electrical clock from the Gunn oscillator, both for
a 27 − 1 and 231 − 1 PRBS pattern. (a) Electrical spectrum, (b) SSB phase noise.
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Figure 7.12: Timing jitter of the recovered 40 GHz electrical clock from the Gunn
oscillator, for a 27− 1 (left) and 231− 1 (right) PRBS pattern. The jitter is measured for
640 Gbit/s data input powers to the SOA of 0 dBm, -3 dBm, and -6 dBm. In each case,
the jitter is computed by integration of the SSB phase noise over 3 ranges: 10Hz-100MHz
(squares), 100Hz-100MHz (circles) and 100Hz-10MHz (triangles).
ues for the RMS timing jitter are computed by integrating the measured
SSB phase noise spectra over 3 integration ranges: 10Hz-100MHz, 100Hz-
100MHz and 100Hz-10MHz. The results are shown in Figure 7.12. A very
similar jitter-performance is observed at all data powers and for both PRBS
sequences. For example, the 100Hz-100MHz jitter stays within 80 − 85 fs
in the measured data power range, and this is the case for both PRBS
sequences. Note that the SSB phase noise close to the carrier (∼10-100Hz)
has a tendency to fluctuate on a relatively slow time-scale, and is therefore
hardly reproducible in the SSB measurements. This behaviour is somewhat
reflected in the jitter values (squares) in Figure 7.12. However, such fluc-
tuations were not observed at frequencies above 100 Hz, where the phase
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noise measurements showed a better reproducibility.
In conclusion, this experiment shows that the CR circuit can success-
fully lock to a 640 Gbit/s data signal after transmission. Furthermore,
the power requirement of the SOA is very low, since the low jitter of
the recovered clock is maintained for input powers down to −6 dBm for
the 640 Gbit/s data. As in the back-to-back experiment, the jitter val-
ues (100Hz-100MHz) are below the limit of 128 fs for achieving error-free
demultiplexing at 640 Gbit/s (c.f. the conclusion in the previous section).
7.2.3 320 Gbit/s clock recovery after field transmission
In this final experiment, the CR circuit is tested on an OTDM signal trans-
mitted over a field-installed link of length 54 km. This provides a good test
of the robustness of the CR circuit, since the phase fluctuations are usu-
ally larger in a field-transmitted signal, compared to a signal transmitted
over a fibre-span confined to the laboratory (as above). Clock recovery is
also achieved in this case, but the bit rate is lowered to 320 Gbit/s due to
insufficient dispersion compensation of the field-link.
Experimental set-up
The set-up is shown in Figure 7.13 (a). The transmitter and CR circuit
are as shown in Figure 7.2, except for a few details explained below. The
field-installed fibre link is a 54.3 km long standard SMF located in the city
of Eindhoven in the Netherlands. The fibre-link is marked on the map
in Figure 7.13 (b) (red dots). The location of the TU/e is also marked,
and there is direct access to both input and output of the link from the
laboratory. The polarisation controllers and the PBS in Figure 7.13 (a)
are used to reduce the effect of PMD in the link. The dispersion of the
link is compensated using an appropriate length of dispersion-compensating
fibre (DCF). However, the dispersion compensation over the ∼ 13 nm
bandwidth of the 640 Gbit/s data signal is insufficient, since the narrow ∼
600−700 fs data pulses broaden beyond the 640 Gbit/s time-slot of 1.56 ps
after transmission, and no adjustment of the length of DCF results in a
narrower pulse width. For this reason, broader pulses have to be used for
the OTDM data signal at the cost of a lower bit rate of 320 Gbit/s. This is
achieved by filtering the supercontinuum generated in the pulse compressor
with a 5 nm BPF instead of a 13 nm BPF (c.f. Figure 7.2 (a)), resulting
in a compressed pulse width of 1 ps. The last stage in the multiplexer
(320 → 640 Gbit/s) is then skipped in order to obtain the 320 Gbit/s
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Figure 7.13: Experimental set-up for the 320 Gbit/s field-trial of the CR circuit. (a)
Transmitter, field-link, and CR circuit, (b) Map of the field-installed link (red dots) in
Eindhoven (Netherlands).
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Figure 7.14: Optical spectra, measured at the input and output of the SOA, and
after the two BPFs centered at 1561.5 nm in the phase comparator (res. 0.06 nm). The
input/output SOA spectra show the field-transmitted 320 Gbit/s data at λdata = 1542 nm
and the 40 GHz MLFRL clock pulses at λclock = 1563.5 nm.
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Figure 7.15: Eye diagrams obtained with the 700 GHz optical sampling oscilloscope
(triggered by the synthesizer in the OTDM transmitter). (a) The 320 Gbit/s data at the
output of the OTDM transmitter (0 km), (b) The transmitted 320 Gbit/s data (after the
DCF-compensated field-link, at the SOA input), (c) The recovered 40 GHz clock from
the MLFRL.
data signal at the output of the transmitter. The wavelength allocations
of the OTDM data and the MLFRL optical clock are λdata = 1542 nm and
λclock = 1563.5 nm, respectively (which is similar to the 640 Gbit/s back-to-
back experiment). Notice that this field trial was performed after the back-
to-back experiment, but before the 640 Gbit/s transmission experiment
where the data wavelength was changed due to the dispersion profile of
the SMF+IDF span. The input powers to the SOA are 6 dBm for the
320 Gbit/s data and −14 dBm for the optical clock. Figure 7.14 shows the
spectra at the input and output of the SOA, and after the two BPFs.
Results
Figure 7.15 (a) and (b) show eye diagrams of the 320 Gbit/s data before
and after the field-transmission, respectively. Even though the data pulses
are broader after transmission, they still remain well within the 320 Gbit/s
time-slot of 3.1 ps. The CR circuit locks to the transmitted 320 Gbit/s data,
and the recovered optical clock is shown in Figure 7.15 (c). Figure 7.16
(a) and (b) show examples of the spectrum and SSB phase noise of the
electrical clock from the Gunn oscillator, both for a 27−1 and 231−1 PRBS
pattern. The timing jitter of the electrical clock was recorded for various
photoreceiver input powers, as shown in Figure 7.17. Even though the CR
circuit locks to the transmitted data, there are fluctuations in the phase
noise level of the recovered clock. These occur on a relatively slow time-scale
and make the measured SSB spectra difficult to reproduce. This implies an
uncertainty (and spread) in the measured jitter values that makes it difficult
to draw clear conclusions, e.g. on the pattern-dependence. However, the
various measured jitter values in Figure 7.17 clearly demonstrate that the
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Figure 7.16: The recovered 40 GHz electrical clock from the Gunn oscillator, both for
a 27 − 1 and 231 − 1 PRBS pattern. (a) Electrical power spectrum, (b) SSB phase noise.
The input power to the photoreceiver before the Gunn oscillator is ∼ −3 dBm.
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Figure 7.17: Timing jitter of the electrical clock from the Gunn oscillator, for a 27 − 1
(left) and 231−1 (right) PRBS pattern. The jitter is measured at various input powers to
the photoreceiver before the Gunn oscillator (x-axis). In each case, the jitter is computed
by integration of the SSB phase noise over 3 ranges: 10Hz-100MHz (squares), 100Hz-
100MHz (circles) and 100Hz-10MHz (triangles). The 320 Gbit/s input power to the SOA
is 6 dBm.
clock is able to maintain a jitter well below 150 fs (100Hz-100MHz), in spite
of the fluctuations.
In conclusion, this last test demonstrates the ability of the SOA-based
CR circuit to lock to a data signal impaired by the random phase-fluctuations
occurring in a field-transmission. The CR circuit recovers a clock with a jit-
ter less than 150 fs, measured in the range 100Hz-100MHz. This is well be-
low the limit of 256 fs for achieving error-free demultiplexing at 320 Gbit/s
(c.f. the conclusion in section 7.2.1).
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7.3 Conclusion
It has been demonstrated that the SOA-based CR circuit constitutes a
solution for clock recovery up to 640 Gbit/s, with low clock jitter and low
optical power requirements. This conclusion is elaborated in the following
summary and discussion.
Summary
The SOA-based clock recovery circuit was tested in three different trials:
a 640 Gbit/s back-to-back experiment, a 640 Gbit/s lab-transmission, and
a 320 Gbit/s field-transmission. In all cases, the CR circuit locks to the
OTDM data and recovers the base rate clock with a low jitter that fulfills
the requirement of a demultiplexer at the corresponding bit rate. Further-
more, the power requirement of the SOA-based phase comparator is very
low. It was observed that the low-jitter performance of the recovered clock
could be maintained at input powers as low as -14 dBm for the 40 GHz
clock, and -6 dBm for the 640 Gbit/s data signal.
Discussion
The CR scheme demonstrated here constitutes a potentially integrable so-
lution, since it is based on an SOA-based phase comparator. Although
the optical clock pulses for the phase-comparison are delivered by a mode-
locked fibre ring laser (MLFRL), the latter can in principle be replaced
by an integrable solution, i.e. a semiconductor based pulse source. The
much shorter, integrated loop length will also greatly improve the stability
of the CR, which in the current configuration is able to maintain lock for
a couple of minutes. Indeed, the loop length has to be controlled with a
precision corresponding to a single OTDM time-slot, which is below 1 mm
at 640 Gbit/s. Here, the loop length is of the order 20-30 m due the EDFA
after the SOA, the MLFRL, patch cords etc. This makes the circuit quite
sensitive to temperature fluctuations, which limited the locking stability
in these demonstrations. Finally, the recovered optical pulses from the CR
circuit can be used directly in an SOA-based demultiplexer. This is demon-
strated in a second 640 Gbit/s transmission experiment by the ECO group
at the TU/e, performed after the research stay [135]. An SOA-based cir-
cuit similar to the one described here was used for clock recovery, except
that the injection-locked Gunn oscillator was replaced by a solution with
a 40 GHz voltage-controlled microwave oscillator in a PLL. The recovered
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optical clock pulses from this CR circuit were used directly for demulti-
plexing the 640 Gbit/s data in a second SOA. This constitutes an entirely
SOA-based solution (except for the pulse source) for clock recovery and de-
multiplexing. As a last remark, the measurements performed here indicate
no severe pattern dependence of the CR circuit. But still, some degree of
pattern dependence of the SOAs performance should be expected. Even
though the technique of filtered chirp can be used to extract a very fast
response from the SOA, the underlying gain dynamics still has a slow re-
sponse which has to be taken into account. However, the SOA used here is
a state of the art device fabricated for non-linear processing, which has a
very fast gain recovery of ∼ 8 ps, and even lower recovery times should be
expected from SOAs developed in the future. This should bring the pat-
tern dependence down to an acceptable level, where it does not constitute
a severe drawback for the application of SOAs to ultra high-speed signal
processing tasks.
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Conclusion
This thesis has demonstrated several optical signal processing functional-
ities for serial bit rates up to 640 Gbit/s. Time-division add-drop multi-
plexing at 640 Gbit/s with error-free performance was demonstrated twice
by using two different fibre-based switches, the non-linear optical loop
mirror (NOLM) and the non-linear polarisation-rotating loop (NPRL).
Polarisation-independent demultiplexing of 320 Gbit/s data was demon-
strated using a standard NOLM. Finally, pre-scaled 40 GHz clock recov-
ery from 640 Gbit/s data was demonstrated using a semiconductor based
scheme. The results and conclusions from the thesis are summarised in
more detail below, following the order of the list of contributions in section
1.3. After the summary, an outlook will be given with some recommenda-
tions for future work.
8.1 Summary
Time-division add-drop multiplexing in a NOLM
A principle was proposed allowing simultaneous time-division add-drop
multiplexing (TADM) in a NOLM (STADM). This scheme is characterised
by its simplicity since both the drop-, clear-, and add-operations of TADM
are performed in a single step. Using this method, demonstrations of error-
free TADM were carried out for bit rates from 80 Gbit/s up to 640 Gbit/s.
In general, these experiments demonstrated that it is possible to achieve
a nearly penalty-free add-operation, i.e. where the added channel has the
same sensitivity as the original channel. It is predicted that the overall per-
formance can be further improved by employing flat-top control pulses for
155
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switching. This will increase the suppression ratio and reduce the penalty
observed on the dropped channel. A polarisation-maintaining version of
the switch is expected to improve the stability.
Time-division add-drop multiplexing in a NPRL
A novel fibre-based switch called the non-linear polarisation-rotating loop
(NPRL) was proposed. The NPRL is based on non-linear polarisation-
rotation using a polarisation-maintaining highly non-linear fibre (PM-HNLF).
The NPRL was used to demonstrate 640 Gbit/s TADM with error-free op-
eration. The add-operation was performed at the cost of only 1.1 dB of
introduced penalty. The dropped channel was error-free with a penalty of
5.6 dB compared to the back-to-back sensitivity. Suggestions for improving
the set-up towards both more flexibility and higher stability were proposed.
In particular, the use of flat-top control pulses is expected to further reduce
the penalties by increasing the suppression ratio of the NPRL, similarly to
the STADM.
Polarisation-independent demultiplexing in a NOLM
A novel principle was introduced enabling polarisation-independent demul-
tiplexing in a standard NOLM. This method is characterised by the simplic-
ity of the implementation, since no structural modifications are required for
the polarisation-independent operation. The principle was demonstrated
by switching 10 Gbit/s data pulses with only 0.2 dB residual polarisation-
dependence. The suitability of this method for high data rates was demon-
strated by error-free demultiplexing of a polarisation-scrambled 320 Gbit/s
OTDM data signal, where only 0.7 dB penalty was induced by the scram-
bling. In order to achieve the polarisation-independence, a precise tim-
ing and a broad control pulse width relative to the data pulses are re-
quired. Short flat-top control pulses are expected to enable polarisation-
independent demultiplexing at 640 Gbit/s using this principle.
Semiconductor-based clock recovery from OTDM data
Pre-scaled 40 GHz clock recovery from 640 Gbit/s data was achieved dur-
ing a research stay at the Technical University of Eindhoven (TU/e). The
employed clock recovery circuit was an optoelectronic oscillator incorpo-
rating an injection-locked Gunn oscillator and a semiconductor optical
amplifier (SOA) for phase comparison. The technique of filtered chirp was
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used to achieve a fast response time below 1 ps from the SOA, in order to
accommodate for a 640 Gbit/s data rate. Clock recovery was demonstrated
from 640 Gbit/s OTDM data back-to-back and from 640 Gbit/s OTDM
data transmitted over 50 km. Furthermore, a field-trial was carried out,
where the clock was recovered from 320 Gbit/s OTDM data transmitted
over a 54 km field-installed fibre. In general, the performance of the clock
recovery circuit was characterised by a low optical power requirement of
the SOA, as well as a low timing jitter of the recovered 40 GHz clock, ful-
filling the requirements for demultiplexing. In the 640 Gbit/s transmission
experiment, the timing jitter of the recovered clock could be maintained
at 80-85 fs (100 Hz − 100 MHz), achieved for SOA input powers down to
−6 dBm for the 640 Gbit/s data signal (acting as pump).
Stabilisation of fibre-based switches
It was experimentally demonstrated that a loose coiling of the internal fibre
loop results in a substantial reduction of the sensitivity of the NOLM to
room-temperature fluctuations. Indeed, this solution appears to avoid the
temperature-dependent stress induced by the usual fibre bobbins, and re-
sults in a much higher stability in laboratory experiments. The possibility of
stabilising fibre-based switches against various perturbations, with the aim
of commercial application, was discussed in more general terms. Various
advances in the field, in particular on compact HNLF modules and PM-
HNLFs, point towards a positive conclusion. However, a sufficiently robust
solution appears to require a polarisation-maintaining (PM) fibre, which
might also imply a higher polarisation-dependence. This is the case for
the PM-based NPRL and the proposed PM-STADM for TADM switching.
But it should be noted that a PM-based solution does not necessarily im-
ply polarisation-dependence, since polarisation-independent demultiplexing
using PM switches has also been demonstrated [90].
Pulse compression
The pulse compression technique of self-phase modulation-induced chirping
and off-carrier filtering, proposed in [22], was experimentally tested and im-
plemented for 640 Gbit/s OTDM applications. A peak-to-pedestal ratio in
excess of 30 dB was obtained for the compressed pulse, when a dispersion-
flattened highly non-linear fibre was used as the non-linear medium. A
pedestal-reducing technique can therefore be avoided in the OTDM trans-
mitter. This compression technique was successfully used in all 640 Gbit/s
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experiments in this thesis. A numerical study of the technique is recom-
mended in order to achieve even better compression results, enabling e.g.
a 1280 Gbit/s OTDM data rate.
8.2 Outlook
In the following, an outlook and some suggestions for future work are briefly
discussed for two of the main themes throughout this thesis, namely fibre-
based switching and OTDM communication systems.
Fibre-based switching
Fibre-based switches are still ahead of other high-speed devices, when it
comes to performing nearly flawless data processing at ultra-high data
rates. We believe that the demonstrations of fibre-based 640 Gbit/s TADM
switching in the present thesis confirm this advantage. Furthermore, it ap-
pears from the discussion in Chapter 6 that very stable and robust fibre-
based devices are within reach. Of course, certain restrictions might apply
to a stable configuration of a fibre-based switch, such as e.g. increased
polarisation-dependence for a PM-based TADM device. If future work can
truly confirm the stabilisation conjectured here, an important challenge of
fibre-based switching will be overcome. On the other hand, there are still
some requirements that are inherent to fibre-based switches relying on the
Kerr non-linearity, namely the high optical power requirement and the lim-
ited compactness due to the fibre length. However, these limitations might
be a reasonable price to pay for a high performance at ultra-high data
rates. Whether fibre-based switches will become a commercial product is
difficult to say, since it depends on the potential application areas. A few
suggestions for future scientific work on fibre-based switching could be: 1)
demonstration of 1280 Gbit/s signal processing, 2) an optimisation in order
to replace the required high-power erbium doped fibre amplifier (EDFA)
for pump pulses with a regular (and cheaper) EDFA, or 3) develop a demul-
tiplexing technique for simultaneous extraction of all constituent channels
of a 640 Gbit/s data signal (c.f. discussion below).
OTDM systems
It falls out of the scope of this thesis to discuss the overall advantages and
disadvantages of OTDM systems, and the role that this technology might
play in future communication systems. Even though a potential networking
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functionality such as TADM has been demonstrated in this thesis, there
are still many challenges that must be faced before an OTDM network can
be realised. For example, an important practical problem in an OTDM
network node, such as a TADM switch, is the automatic synchronisation
of the various incoming signals. In this thesis, variable time-delays were
manually adjusted to synchronise the control pulses to the target channel,
and the add-channel to the cleared time-slot. For a general discussion on
OTDM networks, the reader is referred to e.g. [137]. Here, we will simply
point out an interesting and important challenge that relates to a simple
point-to-point OTDM communication system. As mentioned in Chapter 1,
most demultiplexers are only capable of extracting a single channel at a
time. The resulting overall OTDM receiver for a 640 Gbit/s signal based
on 64 × 10 Gbit/s channels would require 64 active demultiplexers, which
would be unacceptable in terms of complexity, synchronisation problems,
and power consumption. Indeed, it could be highly relevant to demonstrate
640 Gbit/s demultiplexing with simultaneous output of all channels, since
this would simplify the overall OTDM receiver considerably. However, this
type of demultiplexing is very complicated, and has only been demonstrated
for OTDM bit rates up to 100 Gbit/s using a fibre-based switch [152], and
160 Gbit/s using an SOA-based device [153]. Performing this operation at
640 Gbit/s could be an interesting challenge e.g. for a fibre-based switch.
Furthermore, polarisation-independent operation of such a switch could
be highly desirable. Finally, this device should be included in a receiver
to demonstrate an overall stable and polarisation-independent 640 Gbit/s
point-to-point transmission experiment. This is indeed a very ambitious
scenario, but it is most probably a demonstration at this level which is
required in order to further justify and promote the OTDM principle as a
communication technology.
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ASE amplified spontaneous emission
BER bit error rate
BPF optical band-pass filter
CR clock recovery
CBF circular birefringence fibre
CW continuous wave
DCF dispersion-compensating fibre
DDF dispersion-decreasing fibre
DFF dispersion-flattened fibre
DF-HNLF dispersion-flattened highly non-linear fibre
DI-NOLM dispersion-imbalanced non-linear optical loop mirror
DSF dispersion shifted fibre
DQPSK differential quadrature phase shift keying
EAM electro-absorption modulator
EDFA erbium doped fibre amplifier
ERGO-PGL erbium glass oscillating pulse generating laser
ESA electrical spectrum analyser
ETDM electrical time-division multiplexing
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FBG fibre Bragg grating
FRM Faraday rotating mirror
FWHM full width at half maximum
FWM four-wave mixing
GT-UNI gain-transparent ultra fast non-linear interferometer
GVD group-velocity dispersion
HNLF highly non-linear fibre
IDF inverse dispersion fibre
IPD intra-pulse depolarisation
IXT interferometric cross-talk
MLFL mode-locked fibre laser
MLFRL mode-locked fibre ring laser
MZ Mach-Zehnder
MZI Mach-Zehnder interferometer
NLS non-linear Schro¨dinger
NOLM non-linear optical loop mirror
NPR non-linear polarisation rotation
NDSF non-dispersion shifted fibre
NPRL non-linear polarisation-rotating loop
NZDSF non-zero dispersion shifted fibre
OEO optoelectronic oscillator
OOK on-off keying
OSA optical spectrum analyzer
OTDM optical time-division multiplexing
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PBS polarisation beam splitter
PC polarisation controller
PCF photonic crystal fibre
PDL polarisation-dependent loss
PI polarisation-independent
PI-NOLM polarisation-independent non-linear optical loop mirror
PLL phase-locked loop
PM polarisation-maintaining
PMD polarisation-mode dispersion
PMF polarisation-maintaining fibre
PM-HNLF polarisation-maintaining highly non-linear fibre
PRBS pseudo random bit sequence
PTER pulse tail extinction ratio
SMF single mode fibre
SOA semiconductor optical amplifier
SOP state of polarisation
SPM self phase modulation
SSB single side band
STADM simultaneous time-division add-drop multiplexer
STD-NOLM standard non-linear optical loop mirror
TADM time-division add-drop multiplexing
TIA transimpedance amplifier
TMLL tunable mode-locked laser
TOAD terahertz optical asymmetric demultiplexer
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TU/e Technical University of Eindhoven
WDM wavelength division multiplexing
XPM cross phase modulation
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